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voor de fijne werksfeer waar ik zelf heel veel belang aan hecht. Vier en een 
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verband met mijn proefschrift wil ik Margo extra bedanken voor het aanleren 
van verschillende technieken, Joris voor de inwijding in EU-project-
rapportering en An(ke) voor de hulp bij het verder beschrijven van de nieuwe 
soorten. 
 
I would like to thank the colleagues of the MICROCORE-project for the 
fruitfull collaboration, their hospitality and the pleasant time we shared. Some 
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Oldenburg and the spaghetti on the china service of the countess of 
Herberstein. 
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veel dankje’s zijn dan ook gericht aan Brita. In verband met dit proefschrift wil 
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1.1. Mural paintings (Mora et al., 1984) 
 
Below, a brief description of the most commonly used painting 
techniques, some general trends in the history of mural paintings and some 
conservation problems of conservation are given.  
 
Fresco techniques: fresco refers to any painting executed on fresh 
plaster whilst still moist in such a way that the pigments are fixed by the 
carbonisation of the lime (calcium hydroxide) contained in the plaster ground. 
The pigment mixed with water (fresco puro) or with lime water, or even milk of 
lime (lime fresco painting), is brushed onto the surface of the rendering or 
onto whitewash with a lime base. When the latter begins to dry, the saturated 
calcium hydroxide solution migrates towards the surface where it reacts with 
the carbon dioxide in the air to form calcium carbonate, as the water 
evaporates [Ca(OH)2 + CO2 = CaCO3 + H2O]. During the course of this 
reaction, the pigments become bound by crystallisation of the superficial 
carbonate. The term fresco can also be used for paintings executed with the 
addition of tempera medium (see further), such as casein, as long as it is 
applied on the fresh plaster and the pigments are fixed by carbonisation of the 
lime. 
 
Techniques a secco: This term groups all forms of painting executed on 
dry plaster or whitewash, where the pigments are fixed by a medium with 
which they are mixed before their application. The typical technique of mural 
painting a secco is painting with lime, which consists of applying pigments 
mixed with milk of lime onto a dry ground previously dampened in order to 
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promote adherence. The lime mixed with the pigments acts as a binder. In 
addition to painting with milk of lime, there are two other main types of 
technique a secco: tempera and oil. The term tempera applies to techniques 
where the pigments are mixed with a medium, either aqueous or in emulsion, 
that fixes the pigments as the medium dries. The main tempera binders used 
in mural paintings are egg, casein, animal glue and certain vegetable gums. 
For oil mural paintings, linseed oil and poppy-seed oil have been employed.  
 
The oldest mural paintings date from about 30,000 years B.C. They are 
positive or negative imprints of hands applied to the walls of caves. Later in 
the Magdalenian period (about 12,000 years ago) the Palaeolithic rock art 
reached its full development, as demonstrated by the masterpieces at 
Altamira (ES) and Lascaux (F). In the Neolithic period (about 8000 – 3000 
years B.C.), painting began to be associated with architecture. The natural 
irregular surface of rock was replaced by the plane of the wall, constructed 
and squared by man, and usually covered with clay rendering that served as a 
ground for the painting. The Neolithic technique was perfected in the great 
agrarian civilisations, e.g. Egypt and Mesopotamia. The origin of the first a 
fresco painting is disputed. However, one can say that in Greece the fresco 
technique was really introduced and refined and that the technique was 
further perfected in Rome by the general use of a final polishing. In later 
periods, techniques were applied and adjusted according to the vision on art 
at the time. For example, towards the end of the thirteenth and in the early 
fourteenth century there was a developing interest in representing space and 
volume, and translucence became a primary requirement for paintings. 
Therefore, a technique using glazes was promoted and the traditional 
approach was split into a number of divergent tendencies. Besides the 
variation in technique being linked to the trends in art, there were also clear 
geographical differences in using mural painting techniques. In Mediterranean 
countries medieval mural paintings were primarily performed a fresco, while 
north of the Alps most mural paintings were painted a secco (Buyle and 
Bergmans, 1994). 
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From the viewpoint of conservation, in common with so many works of 
art preserved in architectural monuments, mural paintings are almost always 
at a great disadvantage when compared to paintings and objects that have 
found shelter and protection in museums. In addition, an organised 
programme of conservation is too often lacking in this field and the task of 
conservation is infinitely more complex than in a museum. Therefore, mural 




1.2. Biodeterioration of mural paintings 
 
It is now well recognised that wall paintings can be deteriorated by 
microorganisms, a knowledge that was established by several studies that 
linked the observed damage with the microbial community present, as 
reviewed by Ciferri (1999). The growth of microorganisms essentially results 
in two types of damage: aesthetic and structural.  Aesthetic damage implies 
pigment discolouration, stains, and formation of a biofilm on the painted 
surface. Structural damage is observed as cracking and disintegration of the 
paint layer, formation of paint blisters, and degradation of support polymers or 
of glues and binders resulting in detachment of paint layer from the support. 
The two types of damage are strongly linked, structural damage profoundly 
affects the aesthetic quality of a painting and aesthetic damage may precede 
serious structural damage. 
The colonisation of mural paintings by bacteria and other 
microorganisms can have different causes. Provided that favourable 
environmental conditions occur, nutrients for heterotrophic bacteria and fungi 
can be available from metabolites of autotrophic bacteria, from airborne 
contamination and dripping water, from animal faeces, but also from organic 
compounds in the paint layer itself. The pigments used for historical wall 
paintings were often suspended in water or oil, often combined with organic 
binders such as casein, egg yolk and milk before application on a damp lime 





In different studies, examples can be found for the above-mentioned 
organic input as causes of primary colonisation. Saiz-Jimenez and 
Samson (1981) analysed the microbial flora of a large fresco painted in 
the late 1920s in the monastery “Santa Maria de la Rabida” (Huelva, 
Spain) exhibiting two types of deterioration: white efflorescence and 
green-to-black stains. They hypothesised that the decay of the fresco 
coincided with the establishment of a series of industrial plants in the 
vicinity of the monastery in the 1970s. The emission and deposition of 
environmental pollutants, especially sulphur oxide and related 
compounds, would have triggered the growth of sulphur-utilising 
bacteria. The production of sulphuric acid dissolved the calcium 
carbonate of the fresco, eventually leading to the production of a 
precipitate of dihydrous calcium sulphate (gypsum). This would explain 
the white efflorescence in which a large amount of sulphur-cycling 
bacteria were found. The primary colonisation of these bacteria supplied 
the organic nutrients that allowed the establishment of a community of 
scavenger bacteria and fungi that further contributed to the degradation 
of the fresco. Karpovich-Tate and Rebrikova (1990) thought autotrophic, 
nitrifrying bacteria to be the first colonisers of damaged frescoes and 
building materials in the cathedral of the nativity of the Virgin in the 
Pafnutii-Borovskii monastery (Russia). Growth of these bacteria that 
oxidised the ammonia present in the atmosphere to nitrate, promoted 
secondary colonisation of heterotrophic microorganisms that utilised the 
cellular components of the first. According to the researchers, support for 
this conclusion was given by the finding that most of the heterotrophs 
isolated were capable of hydrolysing bacterial and yeast cell walls.     
Lazar (1971) analysed damage on the Cozia monastery paintings 
(Romania) and found heterotrophic bacteria as the first colonisers, 
indicating that the mural paintings themselves provided enough organic 
materials for growth. Heterotrophic bacteria, isolated from damaged 
parts of the paintings, were transferred to sterile cotton wool wads and 
these were applied to undamaged parts of the same fresco. After three 
to four weeks, almost half of the 40 isolates tested produced stains 
similar to the originally observed damage. Gorbushina and Petersen 
(2000) reported on the ecological interaction between fungi and 
arthropods. They suggest that not only do the arthropods provide a 
source of organic substrate (e.g. chitin, spider-silk and faecal pellets), 
they also graze the biofilm and are thus able to disperse propagules that 
allow novel damage. 
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The limited research examples given reflect the complexity of 
biodeterioration studies of wall paintings in general: the microbial succession 
can in most cases only be guessed from microbial analyses at one moment in 
time and is largely dependent on prevailing environmental conditions and on 
the chemical composition of the paintings. Many hypotheses have been made 
but these have not yet resulted in a general consensus. 
 
 
1.3. Microbial flora associated with deteriorated mural paintings 
 
1.3.1. Characterisation of the microbial flora 
 
The bulk of research on biodeterioration of mural paintings has focussed 
on explaining the observed phenomena by analysing the microflora present. 
Following this approach, a precise characterisation of the microorganisms 
using a polyphasic approach was never the first goal. The characterisation of 
bacteria was for example often limited to isolation from group-specific media 
followed by microscopy (Sorlini et al., 1987; Weirich, 1989; Karpovich-Tate 
and Rebrikova, 1990) and in more recent studies to morphological and 
physiological characteristics including miniaturised and automated systems 
such as API and BIOLOG (Arroyo et al., 1997; Laiz et al., 1999), or to 
chemotaxonomic characteristics (Gonzalez et al., 1999; Groth et al., 1999b; 
Saiz-Jimenez and Laiz, 2000). Only a few studies included genomic 
fingerprinting (16S rDNA sequence analysis) for the characterisation of 
bacteria associated with damage on mural paintings (Altenburger et al., 1996; 
Rölleke, 1996; Piñar et al., 2001). However, the last mentioned investigations 
were restricted to ten or less isolates. One of the conclusions made in these 
studies was that most of the isolated bacterial strains could not be attributed 
to known species and one strain investigated by Altenburger et al. (1996) was 
later described as a new species, Agrococcus citreus, by Wieser et al. (1999). 
These results reflect the need for a more extensive study that applies 
polyphasic characterisation including genomic fingerprinting. 
Given these restrictions, analyses of the microbial communities on 
different mural paintings can at present only be compared at the generic level. 
Chapter one 
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The fungal genera most commonly found in lists of isolated taxa given in 
literature are Alternaria, Aspergillus, Chaetomnium, Cladosporium, Fusarium, 
Penicillium and Verticullum (Agrawal et al., 1988; Weirich, 1989; Karpovich-
Tate and Rebrikova, 1990; Guglielminetti et al., 1994; Garg et al., 1995; 
Berner et al., 1997; Ciferri, 1999). Predominant bacterial genera are Bacillus, 
Streptomyces, Arthrobacter, Micrococcus and Pseudomonas (Weirich, 1989; 
Karpovich-Tate and Rebrikova, 1990; Arroyo et al., 1997; Gonzalez et al., 
1999; Groth et al., 1999b; Saiz-Jimenez and Laiz, 2000). Commonly isolated 
cyanobacteria belong to Nostoc and eukaryotic algae to Lyngbya and 
members of the Chlorophyceae such as Chlorella, Pseudococcomyxa and 
Pseudopleurococcus (Grilli-Caiola et al., 1987; Ortega-Calvo et al., 1993; 
Ariño et al., 1996). Regarding all microbial groups, wide quantitative variations 
are evident. For example the bacterial community isolated from damaged rock 
art paintings in karstic caves is said to be predominated by members of the 
actinomycetes, while other rock art paintings show a predominant occurrence 
of members of Bacillus among the isolates (Gonzalez et al., 1999). 
In microbial community research, denaturing gradient gel electrophoresis 
(DGGE) was introduced as one of the techniques that do not require culturing 
(Muyzer et al., 1996).  This approach, that uses amplification of a part of the 
16S rDNA gene after the purification of genomic DNA directly from a sample, 
was also used to study the bacterial community of biodegraded wall paintings. 
Rölleke et al. (1996) clearly showed that a part of the bacterial community 
remains uncultured and that there is a discrepancy in results between the 
culturing approach and DGGE. The isolates obtained were attributed to the 
actinomycetes (a.o. Arthrobacter, Streptomyces) and Acinetobacter, while the 
sequenced DGGE bands were most similar to the genera Halomonas, 
Clostridium and Frankia. According to the researchers, these groups of 
bacteria had not yet been isolated and implicated by conventional 
microbiological techniques as contributing to the biodegradation of wall 
paintings. Rölleke et al. (1998) used specific primers to visualise the 
community of Archaea in DGGE analysis and obtained bands that were 
characterised as members or close relatives of Halobacterium, suggesting 
that extremely halophilic species might be more widely involved in 
deterioration processes than commonly recognised. These results show that 
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DGGE supplements the data obtained through the culturing approach and 
therefore biodeterioration studies should include both approaches to obtain a 
more complete image of the bacterial community present.  
 
1.3.2. Deteriorative potential of the microbial community  
 
At the moment, it is not possible to present a unified scheme for 
determining the mechanism of microbial damage of mural paintings from 
literature. This can be explained by the considerable variation in chemical 
composition of paintings, thus allowing growth of very different microbial 
communities. In addition, it is also very difficult to predict the microbial 
community from chemical analyses because of the complex chemical 
composition of mural paintings. Chemical analyses may indicate which 
pigments have been used in older art works, but it stays very difficult to 
determine the components that were used for sizing the ground, emulsifying 
the pigments, protecting the finished paint surfaces, etc. (Ciferri, 1999). For 
this reason, assumptions on the biodeteriorative potential of the microbial 
community are generally deduced from microscopic surveys and laboratory 
tests with microbial isolates. 
Depending on the composition of the mural painting surface and on the 
prevailing environmental conditions, microbial degradation is accomplished 
through various mechanisms, at times complementary and, in other cases, 
resulting from one another. Three main mechanisms can be summed up 
(Ciferri, 2000). Firstly, the production on the mural painting surface of a 
microbial biofilm, resulting in the formation of stains, crusts or spots, often of 
different colours due to the production of intracellular or extracellular 
pigments. Secondly, the production of metabolites, often acidic in nature, and 
of extracellular enzymes that further contribute to the chemical and aesthetic 
degradation. In addition, many of these metabolites may be utilised as 
substrates for growth by other microbial species, thus increasing the ‘microbial 
load’ of the object. Thirdly, growth of the microbial community into the object 
through the formation of filaments spreading on the object’s surface and 
entering holes and fissures. By penetrating the paint layer, microorganisms 
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cause crumbling and exfoliation that eventually lead to the detachment from 
the support of portions of the painting.  
 
Some examples of research on the mechanisms of decay by bacteria 
might give a better insight in how the current knowledge was 
established. Petushkova and Lyalikova (1986) investigated the formation 
of brown-black spots of lead oxides damaging the murals in a medieval 
church in Rostov (Russia). Microbial isolates were tested on mineral 
media that contained lead-based pigments such as white lead, lead 
ochre and lead red. Growth of Arthrobacter strains on such media 
coincided with the formation of brown precipitates of lead dioxide, 
suggesting that these bacteria could be responsible for the observed 
damage. Another explanation for the formation of the spots is that the 
lead oxide of the pigments reacted with hydrogen sulphide produced by 
bacterial strains present on the paintings. Gonzalez et al. (1999) found 
that Bacillus strains isolated from the rock art paintings of the Atlanterra 
shelter (Spain) reduced trivalent iron and concluded that when 
favourable conditions occur, bacteria could change the colour of the 
paintings from the reddish yellow, characteristic of the ferric oxides 
commonly used as pigments in rock art paintings, to a dark yellowish 
brown, indicative of the formation of ferrous compounds. Groth et al. 
(1999b) found members of Streptomyces as the dominating 
microorganisms associated with damage of the paleolithic rock art in the 
Altamira and Tito Bustillo caves (Spain). Several streptomycete isolates 
produced soluble pigments of different colour and could thus be 
responsible for the observed discolourations. Cañaveras et al. (1999) 
studied the formations of calcite, aragonite and hydromagnesite on the 
ceiling and walls of the Altamira cave and suggested that some calcium 
and magnesium crystal deposits originated by the action of bacteria. 
Bacteria were isolated from the dripping waters and rock of the cave by 
Laiz et al. (1999) and many showed the ability to produce crystals in 
laboratory test. Combining both studies, one can conclude that bacteria 
could play a role in the deposition of calcium carbonate polymorphs on 
the rock and painting surface.  
 
 As a conclusion one can say that although it is well established that 
microorganisms are able to cause serious damage on mural paintings, the 
knowledge on the precise mechanisms of this decay is still fragmentary and 
needs to be analysed further in situ and in the laboratory. 
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1.4. Conceptual framework 
 
1.4.1. Research problems in the field of biodeterioration of mural paintings 
 
The following conclusions regarding the current knowledge on 
biodeterioration of mural paintings were made earlier in this chapter: 
1. The characterisation of especially the bacterial community 
associated with damage is unsatisfactory. There is a clear need 
for more extensive studies that use a polyphasic approach, 
including genomic fingerprinting. 
2. The results obtained by DGGE supplement those obtained 
through the culturing approach. Therefore biodeterioration studies 
should include both approaches to obtain a more complete image 
of the bacterial community. 
3. The knowledge on the precise mechanisms of biodeterioration is 
still fragmentary and needs to be analysed further in situ and in 
the laboratory. 
 
The major aim of this thesis was to tackle the first of these three 
problems. It is clear that different investigations on the bacterial community 
associated with damage should result in data that can be easily compared. In 
the light of future conservation of works of art such data are very important, 
since only by comparing the bacterial communities associated with different 
damages on different mural paintings general conclusions can be drawn. 
Therefore, the application of highly reproducible techniques, preferably linked 
to very extensive and accessible databases (e.g. 16S rDNA sequencing), 
should be encouraged. Also, novel bacterial taxa should be described. This 
thesis was performed in the framework of the European research projects 
MICROCORE and COALITION (see annex 2). It was conceptualised as an 
extensive study of the bacterial community, starting from samples of different 
mural painting sites, that characterises a large number of isolates using a 
polyphasic approach.  
The second problem, regarding the discrepancy between the cultured 
and uncultured part of the bacterial community, was/is also addressed in the 
above-mentioned European research projects. This was necessary since 
previous studies regarded only a limited amount of isolates and DGGE-bands 
Chapter one 
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(Rölleke et al., 1996; Rölleke et al., 1998). By spreading the work over two 
laboratories, culturing at Ghent University and DGGE at the University of 
Vienna, it was possible to perform an extensive study that allows a more 
thorough investigation of the problem. Also, the combination of both 
approaches raises the chance of obtaining a more complete image of the 
bacterial community associated with damage of mural paintings. 
The third problem, a limited knowledge on the mechanisms of 
biodeterioration, is not tackled in the presented research as such. However, 
laboratory experiments that investigate these mechanisms will benefit from 
the output of this thesis, namely well characterised strains associated with 
damage on different mural paintings that are maintained in the BBCM-LMG 
Culture Collection (Laboratory of Microbiology, Gent). These strains can be 
withdrawn from the collection and enclosed in laboratory tests. In this way 
such experiments can be started without prior culturing and laborious 
characterisation.  In addition, laboratories working with biodeterioration of 
mural paintings can expand their own database of a certain technique with 
reference profiles of well characterised bacterial strains.  
 
1.4.2. Strategy followed and overview of the chapters 
 
Sampling. The three mural painting sites used for this study (an 
extensive description follows further in this chapter), were all sampled in 
consultation with a conservator by scraping off a small part of the biofilm with 
or without the underlying paint layer. 
 
Isolation. Dilution series of the samples were plated on a variety of 
media (rich, poor, with and without added salt) in order to isolate a wide range 
of heterotrophic bacteria. Colonies were isolated on the basis of different 
morphology to obtain maximal diversity and for each isolate the relative 
dominance of this colony type on a certain medium was reported. 
 
Fatty acid methyl ester analysis. This technique was used as a first 
screening method for the large number of isolates, as it has often been 
proven useful for this purpose in the framework of polyphasic taxonomy 
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(Vandamme et al., 1996). The technique has a broad taxonomic resolution 
and is therefore suitable as first characterisation of unknown isolates. Further, 
a grouping of the fatty acid profiles can be obtained which often allows 
delineation of clusters harbouring related strains. Some restraints of this 
technique for characterisation concerns the observation that different species 
show identical (or very similar) fatty acid profiles (Welch, 1991) and that the 
commercial database linked to the system does not contain fatty acid profiles 
of all known species.  
    ⇒ Chapter two 
 
16S rDNA sequence analysis. From the grouping obtained by fatty acid 
analysis, representative strains were chosen for further study by 16S rDNA 
sequence analysis. This technique has been widely applied in bacterial 
taxonomy since it is generally accepted to be the best available method for 
studying phylogenetic relationships among bacteria (Ludwig and Schleifer, 
1999). As a result, extensive and accessible international databases are 
available, which makes the technique very suitable for comparative studies 
and detection of new taxa. An additional advantage of the technique is that, to 
a certain extent, predictions about the DNA-DNA relatedness between strains 
can be derived from their 16S rDNA sequence similarity. It was stated by 
Stackebrandt and Goebel (1994) that DNA from organisms with less than 97.0 
% sequence similarity in 16S rDNA will not reassociate to more than 70 %, 
independent of the hybridisation method applied. In addition, Keswani and 
Whitman (2001) reported that in taxa where the rRNA sequences show a high 
cophenetic correlation*, a sequence similarity of ≤ 98.6 % provides evidence 
for different genospecies with a high level of confidence. Clearly, such 
predictions are to be handled prudently since it has been reported that some 
taxa exhibit substantial levels of rRNA sequence variability (Clayton et al., 
1995; Ueda et al., 1999) and errors in the databases should also not be 
underestimated (Baumgarte et al., 2001). The use of 16S rDNA sequencing 
                                                          
* Cophenetic correlation is a parameter to express the consistence of a cluster. This 
method calculates the correlation between the dendrogram-derived similarities and 




allowed further characterisation of the bacterial community associated with 
damage on mural paintings and provided a first indication for the presence of 
novel species among the isolates. 
       ⇒ Chapter three and five 
Further, it was possible to compare the sequences obtained from the 
isolates with those resulting from DGGE analyses performed by the Austrian 
project partner. In this way a comparison could be made between the 
culturable and unculturable part of the bacterial community present on 
damaged mural paintings. 
    ⇒ Chapter four* and five 
  
Description of novel species. The strains that possibly belong to novel 
species, according to 16S rDNA sequencing, were further analysed together 
with the strains belonging to the same fatty acid-cluster. First of all, these 
groups of strains were studied by rep-PCR genomic fingerprinting to assess 
the genomic diversity among the strains. It was shown previously that the 
technique is a rapid and reliable genomic screening method to determine the 
taxonomic diversity and also to choose representative strains for DNA-DNA 
reassociation experiments (Nick et al., 1999; Rademaker et al., 2000). Strains 
belonging to different rep-clusters were sequenced for their 16S rDNA and on 
the basis of both genomic techniques representative strains were chosen for 
DNA-DNA relatedness studies. The latter technique has become very 
important in bacterial taxonomy since Wayne et al. (1987) have defined the 
bacterial species concept in phylogenetic terms. They stated that a species 
generally would include strains with approximately 70 % or greater DNA-DNA 
relatedness and with 5 °C or less ∆Tm. Phenotypic characteristics should 
agree with this definition and would be able to override the phylogenetic 
concept of species only in a few exceptional cases. Furthermore, these 
authors recommended that a distinct genospecies that cannot be 
                                                          
* This chapter presents a joint publication of which I am second author. It was 
included as a whole in this thesis since the combined information provides a better 
answer to some of the research problems discussed earlier in this chapter. 
Furthermore by reading the followed strategy presented here, it should become clear 
which data were obtained in Ghent.  
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differentiated from another genospecies on the basis of any known phenotypic 
property should not be named until they can be differentiated by some 
phenotypic property. Although the definition of Wayne et al. (1987) is very 
straightforward, it is often impossible to obtain phenotypic consistency if the 
recommendations were strictly applied. The observation of Ursing et al. (1995) 
that species are often separated between 50 to 70 % reassociation and 5 to 7 
% difference in thermal stability reflects the need for a more flexible definition. 
However, in a recent re-evaluation of the species definition in bacteriology 
(Stackebrandt et al., 2002) it was stated that for the time being the parameters 
DNA-DNA similarity and, whenever determinable, ∆Tm (Wayne et al., 1987; 
Grimont, 1981) remain the acknowledged standard for species delineation. 
Stackebrandt et al. (2002) also stated that investigators are encouraged to 
propose new species based upon other genomic methods provided that they 
can demonstrate that, within the taxa studied, there is a sufficient degree of 
congruence between the technique used and DNA-DNA reassociation. 
Furthermore, a species description is based preferably on more then a single 
strain and phenotype remains an important diagnostic property. Taking these 
recommendations on species delineation and their restrictions into 
consideration, combined data of 16S rDNA sequence analysis, rep-PCR-
fingerprinting, DNA-DNA relatedness study, and further chemotaxonomic (e.g. 
fatty acid analysis) and phenotypic analyses, supported the description of 
several novel species originating from biodeteriorated mural paintings. 
    ⇒ Chapter six, seven, eight and nine   
 
 
1.5. Sites of investigation 
 
Severely biodeteriorated mural paintings were sampled at three 
European sites that differed in geographic location, climatic conditions, age 
and type of the paintings (Fig. 1.1). The diversity between the sites was 
deliberately chosen in order to study the microbial communities associated 
with damage on mural paintings occurring under very different conditions.
 Fig. 1.1. Overview of the different mural painting sites 
 
 Carmona Herberstein Greene 
Site Servilia tomb of the 
Roman necropolis 
Saint-Catherine chapel 






Frescoes              
1st – 2nd century 
Medieval lime 
paintings 14th century 
Renaissance lime 




End 19th century 1930-1949 1978 
Damage 
observed 
Black growth spots, 
biofilm formation and 
salt accumulation 
Biofilm formation 




growth spots and 
brown dusty covering 
Date of 
sampling 
June, July 1998 July 1998 March 1999 
Samples taken CS 1, 2, 3 HA 1, 2, 5, 6, 7 GG 4, 9, 11 
Cultures 
analysed 
Chapter 2, 3, 8, 9 Chapter 2, 4, 6, 7, 8, 9 Chapter 2, 5 
DGGE analysis  Chapter 4 Chapter 4,  5 
 
Conclusions Total counts were in the 
range of 103-107 cfu g-1 
for all samples. Bacilli 
were dominant. Other 






species and a novel 
Bacillus species were 
isolated from this site. 
 
Total counts were 
higher on media with 
added salt (up to 109 
cfu g-1) and a novel 
Halomonas species 
was found to be 
responsible for this. 
New Brachybacterium, 
Virgibacillus and a 
novel Bacillus species 
were also isolated from 
this site. The bacterial 
diversity determined by 
DGGE differed greatly 
from that obtained 
through culturing. 
Only sample GG4 
showed important 
growth. Bacilli and 
members of 
Arthrobacter were 
isolated from this 
sample. From 
sample G11, bacilli 
and actinomycetes 
were grown. Also for 
this site a large 
discrepancy was 
found between 
DGGE analysis and 
culturing. 
Carmona, Spain                                  
(5.6 ° western longitude, 37.4 ° north latitude)
Herberstein, Austria                      
(14.9 ° eastern longitude, 46.6 ° north latitude)
Greene-Kreiensen, Germany             
(9.9 ° eastern longitude, 51.9 ° north latitude) 
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1.5.1. The Servilia tomb of the Roman necropolis of Carmona  
 
The Roman necropolis of Carmona was mainly used during the first and 
second century A.D. It was situated just outside the walled city, as was the 
Roman custom. At the time of its use, cremation predominated over the ritual 
of burial and therefore the site mainly consists of underground family 
chambers that contain a number of niches that hold the funerary urns. Such 
chambers were normally plastered and decorated to hide the roughness of 
the rock. The form of the Servilia tomb differs greatly from those of the other 
tombs. It is a monumental structure reproducing a luxurious underground 
mansion in Hellenistic style. It consisted of a covered gallery (Fig. 1.2 A) that 
is thought to have contained the sculpture of Servilia in the central section, 
and a funeral chamber that has a trapezium-shaped ground plan and is 
covered by a pointed vault. Because of its monumental form the Servilia tomb 
is thought to have belonged to a powerful Roman family. The walls of the 
funeral chamber were plastered, as in the other funeral chambers, and 
decorated with rich mural paintings, though at present only a few clear images 
remain (e.g. hands waving a palm leaf, Fig. 1.2 B; doves; plant decorations).  
Preceded by some sporadic findings that were not given special 
attention, the real discovery of the necropolis occurred in 1868-1869. The first 
archaeological excavations at the site began in 1881. The site was purchased 
by the English archaeologist George Bonsor, the Carmona pharmacist Juan 
Fernández López and other local notables. They founded the Carmona 
Archaeological Society and in 1885 inaugurated a museum to hold the 
findings. Excavation continued and in little more than twenty years over five 
hundred tombs were discovered. In 1930, the Roman necropolis was donated 
to the Spanish state. Further archaeological excavations followed as well as 
numerous research directed towards restoration of the various consolidated 
areas of the site. 
The Roman necropolis was carved into a largely soluble calcarenite of 
the Messinian-Lower Pliocene that is highly porous. The zones of the Servilia 
tomb that show colouration or that are supposed to have been coloured, 
contain the remains of a gypsum layer that formed the base of the paintings 




Fig. 1.2. Servilia tomb of the Roman necropolis of Carmona (Spain). A – overview of 
the gallery and central the entrance to the funeral chamber. B – example of 
remaining paintings: hands holding a palm leaf. C – wall at the left of the entrance, 
samples were taken of this wall at 1.8 m (S1) height and of the ceiling (S2). D – 
entrance to a small inner room overgrown by green biofilm where sample 3 was 
taken.   
 
by gypsum crystals or by black spots due to biological growth. The biological 
colonisation is intense and not restricted to the surface layer but also occurs 
below the surface, which results in pitting of the ground layer. Three samples 
were taken from this site, to study the bacterial community:  
Carmona sample 1: Powdery growth on the painted wall at the left of the 
entrance of the tomb, at a height of 1.8 m (Fig. 1.2 C). 
Carmona sample 2: Powdery growth on the ceiling, at a height of 2.0 m 
just above sample 1 (Fig. 1.2 C). 
Carmona sample 3: Green biofilm taken from the wall of a small, inner 
room, with high humidity that receives sunlight through 
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Sampling was executed with a sterile scalpel by scraping off the surface. 
The amount of sample material taken was around 1 g. 
 
1.5.2. The Saint-Catherine chapel of castle Herberstein (Retterath, 1998) 
 
The Saint-Catherine chapel was built from 1330 to 1375 and is located in 
the south wing of the Herberstein castle (Styria, Austria). It is a one-aisled 
chapel consisting of a two-bay nave (Fig. 1.3 A) and a chancel square with a 
groin vault and a gothic tracery window in the east wall (Fig. 1.3 B). A trium-
phal arch separates both areas. There are paintings, of the same age as the 
chapel, on all the chancel’s walls and vaults, and on the east, south and north 
wall of the nave. The chancel’s south wall depicts the proclamation; the east 
wall shows the legend of Saint-Catherine. On the north wall of the chancel 
(Fig. 1.3 C), Saint-George and the dragon are painted beside a view of a city, 
as well as a scene that could be interpreted as the engagement of Saint-
Catherine and Christ. On the chancel’s west wall there are pictures of the 
death of the Virgin, a scene most likely depicting the last judgement, pictures 
of an angel with trombone, the root of Jesse and the cross of the apostles. 
The chancel vault shows Christ in the mandorla (Fig. 1.3 D), surrounded by 
medallions with the symbols of the evangelists, prophets and other figures. 
The northeastern spandrel of the chancel shows Saint-Catherine broken on 
the wheel. The chancel windows are decorated with vine scrolls. The nave’s 
north wall contains a donor portrait depicting a scene from Christ’s passion. 
The other paintings in the nave are all crosses of the apostles. 
The paintings have been covered by a plaster layer that was probably 
applied in 1580. They were discovered in 1927, in the course of architectural 
examinations in the Herberstein castle, and partly exposed in 1930. The first 
restoration attempts were performed in 1942, but these had to be suspended 
because of the war and were restricted to the ceiling. Further restoration work 
was done in 1949. The paintings in the chancel were exposed, except for the 
socle area. The chancel’s walls and ceiling were treated with casein water 
(1:10) to fix the paintings and casein was also added to the cementations’ 
mortar. Also in 1949, the first detection of microbial infestation on the ceiling 




Fig. 1.3. Saint-Catherine chapel of castle Herberstein. A – view of the two bay nave 
and the triumphal arch that separates the nave from the chancel square; sampling 
points 1 and 7 are marked by the squares. B – view of the chancel square; sampling 
point 2 is marked on the chancel vault; sampling points 5 and 6 are marked on the 
chancel’s north wall. C – part of the chancel’s north wall, black arrows mark the 
margins of a rosy biofilm covering the paintings. D – figure of Christ depicted in the 
chancel vault with black discolourations due to microbial growth. E and F– scanning 
electron microscopy of a microbial biofilm of the chancel vault and the chancel’s 
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chapel was neglected and used as a storage room until the mid-nineties, then 
it became the subject of a first microbiological survey (Rölleke et al., 1996; 
Berner et al., 1997).  
The paintings of the Saint-Catherine chapel are lime paintings: white 
lime wash was applied on a 1-3 cm thick single-layered plaster. On this lime 
wash paintings were made by means of already tempered pigments. It is 
impossible to say whether the pigments were prepared with water or lime 
sinter water or if they were concentrated with an additional binding medium. 
The painter’s palette was very limited. He only used brown and red pigments 
(ferric oxide pigments), and a green pigment (copper pigment). The paintings 
are in a very poor state, besides biodeterioration, they show traces of 
chopping, old cementations, dust sedimentations, deteriorated plaster and 
paint layers. Visible microbial growth on the paintings resulted in different 
discolourations: black discolouration on the chancel’s vault, in the transition 
areas to the chancel’s walls, and on the north and south wall of the nave; rosy 
discolouration of big parts of the chancel’s east and north wall; whitish 
discolouration of the brown background surfaces of the chancel’s vault.   
For the study of the bacterial community associated with the observed 
damage, five samples were taken (Fig. 1.3 A and B): 
Herberstein sample 1: Brown-coloured coating below the chancel’s east 
wall window. This area does not contain paintings. 
Herberstein sample 2: Black discolouration in the chancel vault. 
Herberstein sample 5: Black stripes in the upper area of the nave’s north 
wall. This area does not contain paintings. 
Herberstein sample 6: Rosy discolouration on the chancel’s north wall. 
Herberstein sample 7: Rosy discolouration on the nave’s east wall. This 
rosy cover is on a plaster layer that covers the 
painting underneath. 
Sampling was executed with a sterile scalpel (samples 1, 2, 5 and 7) or a 
glass fibre pencil (sample 6), by scraping off a piece of biofilm with (samples 5 
and 7) or without (samples 1, 2 and 6) the underlying groundlayer. For most 
samples the amount of sample material was very small: of samples 1, 2 and 6 
less then 0.1 g and of sample 7 less then 0.5 g. Only of sample 5 more then 1 
g material was available. 
Chapter one 
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1.5.3. The Lutheran protestant church of Greene-Kreiensen (Retterath, 1999) 
 
The Lutheran protestant church of Greene-Kreiensen (Lower Saxony, 
Germany) (Fig. 1.4 A), formerly Saint-Martin, was built on the site of two 
previous buildings, whose foundations were recorded during the renovation of 
the church from 1978-1980. The present building is a three-aisled hall church 
with a three-sided east termination and a west tower. Most parts of the church 
date back to 1575, but some are older, especially in the area of the tower. The 
wall paintings were covered by whitewash applied in the period 1690-1716 
and rediscovered in the course of the church renovations in 1978. The 
paintings extend over the north, south and west walls of the nave as murals 
and illusionism. The paintings on the north and south walls depict apostle 
images between paintings of pillars with texts from the confession of faith (Fig. 
1.4 E) and a portrayal of Christ. The west wall shows three intact scenes from 
the New Testament: the annunciation of the shepherds, the adoration of the 
magi (Fig. 1.4 B, C and D), and the flight into Egypt. The artist is unknown. 
The paintings date most likely from the last quarter of the 16th century. 
In 1974 considerable damage was determined in the west tower of the 
church. During work to restore the stability of the tower in 1977, an observant 
foreman from a pressure-grouting company discovered the wall paintings that 
are seen today under a light coat. In 1978, the paintings were exposed. 
Further restoration work on the paintings was postponed for one year, 
probably due to other construction activities. After this period, damage caused 
by microbial growths had already occurred in the areas of “the adoration of 
the magi” and “the flight into Egypt”. In 1991, further spreading of the 
microbial growths was assessed. Growth spots occurred on a massive scale, 
especially on the sloping surfaces and the uneven plaster. It was 
hypothesised that the colonisation was triggered by the pressure-grouting 
performed in 1977, both the substratum effects of the material used and the 
continuous moisture are possible causes.   
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Fig. 1.4. The Lutheran protestant church of Greene-Kreiensen. A – view of the 
outside of the church. B – mural painting depicting ‘the adoration of the magi’ on the 
west wall. C – close-up of the head of Joseph, clearly showing the microbial growth 
spots. D – mural painting ‘the adoration of the magi’; sampling point 4 is marked by 
the white square. E – image of the apostle Petrus. F and G - scanning electron 
microscopy of fungal filaments and spores extensively covering the surface of the 











The paintings are most likely lime paintings, or lime-secco paintings. At 
least on the west wall they are on older white wash layers, some of these 
layers show addition of straw chaff. No information is available on the binder 
used, nor can it be said if the pigments were prepared with water or lime sinter 
water. Due to the application of the white wash and to other changes, many of 
the finer details of the paintings (e.g. gold work and painted gleams of light) 
have been lost. All in all, the character of the paintings places them closer to 
the 15th century rather than the 16th. However, it must be taken into account 
that the site is in a rural area, which encountered the developments of 
handicrafts later than in urban surroundings. As discussed above, the 
paintings were colonised massively by microorganisms in a very short period 
of time. Two types of microbial growth could be observed: round, ochre-
coloured bumps and widespread dusty brown coverings. Preliminary analysis 
revealed that the organisms were growing into the wall as well as over the 
surface, which could result in structural damage of the paintings. Moreover, it 
can be expected that the microbial growth caused irreversible discolouration 
of the painting surface.    
Three samples were taken from this site, to study the bacterial 
community: 
Greene sample 4: Ochre-coloured, round, dry spots taken at the west 
wall from the painting “the adoration of the magi” (Fig. 
1.4 d). 
Greene sample 9: Brown filamentous growth spots taken at the north 
wall from the painting “Jakobus mayor”, at a height of 
2.0 m just beside the pillar on the right of the figure. 
Greene sample 11: Brown filamentous growth spots taken at the north 
wall from the painting “Jakobus mayor”, at a height of 
1.7 m. The paint layer contains some straw fragments. 
Samples were taken by scraping off the surface with a sterile scalpel or glass 
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CHAPTER TWO 
 
The use of fatty acid methyl ester analysis (FAME) for the 
identification of heterotrophic bacteria present on three mural 
paintings showing severe damage by microorganisms 
 
Jeroen Heyrman, Joris Mergaert, Rik Denys and Jean Swings 
 
FEMS Microbiology Letters 181, 55-62 (1999) 
 
Mural paintings in Carmona (ES), Herberstein (A) and Greene (D), showing 
visible deterioration by microorganisms were sampled to investigate the 
biodiversity of the heterotrophic bacteria present. Four hundred twenty-eight 
bacterial strains were isolated from which three hundred eighty-five were 
characterised by fatty acid methyl ester analysis (FAME). The isolates were 
grouped into forty-one clusters on the basis of their FAME-profiles, twenty 
isolates remained ungrouped. The majority (94 %) of the isolates comprised 
the Gram positive bacteria and the main clusters were identified as Bacillus 
sp., Paenibacillus sp., Micrococcus sp., Arthrobacter sp. and Staphylococcus 
sp. Other clusters contained nocardioform actinomycetes and Gram negative 
bacteria, respectively. A cluster of the latter contained extreme halotolerant 
bacteria isolated from Herberstein. The FAME-profiles of this cluster showed 





During the last years the protection of our cultural heritage has become 
a matter of great concern. Many artworks show visible damage, e.g. by air 
pollution, physical and chemical weathering. Aside from these abiotic factors, 
microorganisms have to be taken into account, since it is now well recognised 
that they play an important role in the destruction of various objects of art 
(Ortega-Calvo et al., 1995; Seves et al., 1996; Rölleke et al., 1999). Also for 
mural paintings, many examples of microbial growth are available (Ciferri, 
1999). The observed damage can be severe, which is not surprising since 
mural paintings are often found in unheated buildings, exposed to the open air 
and varying climatic changes. Overgrowth and discoloration by heterotrophic 
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bacteria, the latter as a result of pigments or metabolic products, causes 
esthetical damage. The utilisation of organic compounds present in the mural 
paintings results in structural damage. In addition, fungi and actinomycetes 
can damage them mechanically by penetration of their mycelia into the 
painting and the ground layer (Weirich, 1989).  
A better understanding of the microbial diversity on mural paintings is 
essential in the light of the conservation practice and will result in a more 
responsible use of materials. Indeed, several studies report an accelerated 
microbial colonisation after restoration using traditional materials, e.g. casein 
and egg binder (Sorlini et al., 1987; Karpovich-Tate and Rebrikova, 1990). 
Moreover, biocides or other anti-microbial agents should only be applied after 
testing the whole microbial community. Otherwise, one detrimental organism 
might be replaced by another. An essential step is to expand the knowledge 
on the microflora present on different mural paintings. This is needed to 
unravel the correlation between microbial growth and certain deterioration 
phenomena. Cultivated organisms can then be used to study their 
deteriorative potential.   
The objective of this work was to study the bacterial diversity on 
deteriorated mural paintings by isolating the heterotrophic bacteria of three 
sites, and comparing the communities obtained. For this purpose fatty acid 
analysis (FAME) was used, which allows the rapid characterisation of large 
numbers of bacterial isolates.  
 
 
2.2. Materials and methods 
 
2.2.1. Description of sites and sample collection 
 
Three sites were sampled i.e. the Roman necropolis of Carmona 
(Spain), the St.-Catherine chapel of the castle Herberstein (Austria) and the 
St.-Martins church of Greene (Germany). The Roman necropolis, Carmona, 
was in use during the first and second century A.D. and was discovered at the 
end of the 19th century. The Servilia tomb of the necropolis contains mural 
paintings which were strongly damaged during the last twenty years by 
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microbial growth. The St.-Catherine chapel, castle Herberstein, has murals 
from the 13th century, which were under a plaster layer for many years. After 
the removal of the plaster and restoration in the 1950s microbial growth 
caused serious damage to the paintings, which was also shown by previous 
studies (Rölleke et al., 1996; Berner et al., 1997; Rölleke et al., 1998). At the 
St.-Martins church (1439), Greene, the mural paintings were covered by paint 
in 1716, and only in 1977 they were rediscovered. 
For each site, different samples, representative for different visible 
damages on the mural paintings were taken. In Herberstein and Greene, 
sampling was carried out by a member of a professional restoration company 
(Ochsenfarth Restaurierungen, Lübeck, Germany), which resulted in five and 
three samples respectively. In Carmona, three samples were taken under the 
supervision of the conservator of the Roman necropolis. All samples were 
taken with a scalpel, scraping off the surface layer and (if possible) a part of 
the paint layer. The weight of the samples varied from 50 milligram to 1 gram. 
The samples will be further referred to as CS (Carmona Spain) 1 to 3; HA 
(Herberstein Austria) 1, 2, 5, 6 and 7; and GG (Greene Germany) 4, 9 and 11. 
 
2.2.2. Sample treatment and culturing 
 
The samples were homogenised for 1 minute in physiological water 
using a Stomacher Lab-blender (L.E.D. Techno, Eksel) (if necessary the 
samples were first crushed in a sterile mortar). A dilution series was made and 
plated in duplicate using a Whitley Automatic Spiral Plater (L.E.D. Techno, 
Eksel). For the samples of Carmona and Herberstein, the following media 
were used: Trypticase Soy Broth (TSB, BBL) agar (1.5 % Bacto-agar, Difco); 
R2A agar (Difco); mineral medium (Delafieled et al., 1965) supplemented with 
(in % w/v) acetic acid 0.03 %, succinic acid 0.02 %, casein hydrolysate (ICN) 
0.01 %, yeast extract (Oxoid) 0.01 % and glucose 0.01 %; PYGV 
(Descheemaeker and Swings, 1995); starch-casein medium (in % w/v) starch 
1 %, casein 0.03 %, KNO3 0.2 %, K2HPO4 0.2 %, NaCl 0.2 %, MgSO4.7H2O 
0.005 %, CaCO3 0.002 %, FeSO4.7H2O 0.001 %, agar 2 %; TSB and R2A 
agar supplemented with 10 % w/v NaCl; Pseudomonas Agar Base (Oxoid) 
with CFC selective supplement (Oxoid); Reinforced Clostridial Agar (RCA, 
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Oxoid). For Greene, mineral medium with supplements, PYGV and 
Pseudomonas medium were excluded from the protocol due to poor results of 
these media for Carmona and Herberstein, and replaced by BRII medium 
(Bunt and Rovira, 1995). All media were supplemented with 0.03 % w/v 
cycloheximide (Sigma) to inhibit fungal growth. The inoculated plates were 
incubated aerobically for three weeks at 28 °C, except for RCA plates which 
were put in an anaerobic cabinet at 37 °C. 
 
2.2.3. Enumeration and isolation 
 
Total counts were carried out twice a week. For each medium, colonies 
were isolated from the plates inoculated with the highest dilutions showing 
growth. All visibly different colony types were isolated and of dominant colony 
types several isolates were taken. A total number of 429 heterotrophic 
bacterial strains was isolated, 163 from Carmona, 127 from Herberstein and 
139 from Greene. Each strain was purified and stored in MicrobankTM tubes 
(PRO-LAB diagnostics) at –80 °C.  
 
2.2.4. Fatty acid methyl ester analysis (FAME) 
 
Young pure cultures were grown on TSB agar for 24 or 48 h at 28 °C. 
Strains that could not grow under these conditions were either grown for a 
longer time (72 or 96 h) or on Marine Broth (Difco) with 1.5 % Bacto-agar 
(Difco). The FAME-profiles of the latter were used for clustering but not for 
identification. A quantitative analysis of cellular fatty acid compositions was 
further performed, using the gas-liquid chromatographic procedure as 
previously described (Mergaert et al., 1993). The resulting profiles were 
identified with the Microbial Identification Software (MIS, MIDI) using the 
TSBA database (version 4.0) (Microbial ID, Inc., Newark, Delaware). For 
clustering, the data were transferred to the BioNumerics Software (Applied 
Maths, Sint-Martens-Latem, Belgium) and compared by UPGMA of the 
Canberra metric coefficients calculated between the FAME-profiles. To test 
the reliability of the cluster identifications, the FAME-profiles were also 
compared to several reference profiles from the TSBA4.0 library, by UPGMA 
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of the Euclidian distance coefficients. For representative pure cultures of each 





2.3.1. Total counts 
 
For the isolation of heterotrophic bacteria from mural paintings, good 
growth was obtained using TSB agar, R2A, BRII, starch-casein medium and 
TSB and R2A agar media supplemented with 10 % sodium chloride. Growth 
on the media supplemented with salt differed from that on the other media, the 
colonies appeared later and the colony diversity was lower. On the 
anaerobically incubated RCA plates and on Pseudomonas medium no visible 
growth occurred during the three weeks of incubation. For most samples, total 
counts of heterotrophic bacteria on media without 10 % sodium chloride were 












TSA + 10% NaCl
 
sample. They are 
similar to the bacterial 
counts reported in 
previous studies of 
mural paintings (Sorlini 
et al., 1987; Karpovich-
Tate and Rebrikova, 
1990; Rölleke et al., 
1996) and stone 
monuments (Deschee-
maeker and Swings, 
1995; Tayler and May, 
1991). For the samples 
HA7, GG9 and GG11, 
total counts were below  
the   detection   limit   of 
 
Fig. 2.1. Total counts on TSB agar and TSB agar 
supplemented with 10 % sodium chloride. Total 
counts are given as colony forming units (cfu) per 
gram wet weight of sample, after three weeks of 
incubation at 28 °C. Error bars represent the standard 
deviations of the means of duplicate counts.                  
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2000 CFU. On the media supplemented with 10 % sodium chloride, total 
counts were also in the range of 103 to 107 CFU for Carmona and Greene. 
The samples of Herberstein however, had total counts up to 109 CFU on these 
media. The results for TSB agar and TSB agar with 10 % sodium chloride are 
shown in Figure 2.1. Another characteristic of the samples of Herberstein was 
a dominant appearance of colonies with a streptomycete morphology on 
media without 10 % sodium chloride. The ratio streptomycetes:heterotrophic 
bacteria was 100:1 for samples HA1 and HA5 and 1:1 for HA2 and HA6. For 
the samples of Carmona and Greene, the number of streptomycetes 
represented less than 10 % of the total colony number.  
 
2.3.2. FAME analysis and grouping of the profiles 
 
The incubation step of the FAME protocol is the most crucial part of the 
technique, since not all strains grow at the stated conditions. From 325 of the 
total of 429 bacterial strains (76 %), FAME-profiles were obtained through the 
regular procedure, and were identified with the TSBA4.0 database. From 20 
strains, fatty acids could only be extracted after 72 or 96 h of incubation. Of 
the remaining strains, 40 isolates from media with 10 % sodium chloride were 
grown on Marine agar instead of TSB agar. The FAME profiles obtained from 
these strains were only used for clustering, not for identification. In total 385 
FAME-profiles (90 % of the strains) were used for grouping; 41 clusters were 
delineated at 80 % Canberra metric coefficient similarity and 20 strains 
remained ungrouped, as shown in Figure 2.2. On the basis of their FAME-
profiles the isolates are grouped in three major branches. Group I branches 
off at 9 % similarity and contains 36 clusters. Group II and III separate at 12 % 
similarity, and they contain 1 and 4 clusters respectively.  
Group I comprises Gram positive bacteria and contains 94 % of the isolates 
characterised by FAME analysis. The clusters with more then ten strains can 
all be attributed to species of the genera Bacillus, Paenibacillus, Arthrobacter, 
Micrococcus and Staphylococcus, as shown in Table 2.1. The strains from 
cluster AA were identified as members of the genera Bacillus, Micrococcus 
and Arthrobacter. They did not cluster together with any of the reference 
strains of these genera, so the identification of the cluster is not clear. Cluster 
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AB consists of strains of which the FAME-profiles were similar to those of 
Kocuria varians, Arthrobacter sp. and Paenibacillus polymyxa, in addition it 
contains seven isolates grown on MA. When clustering together with 
reference FAME-profiles, the AB strains cluster close to Arthrobacter 
protophormiae/ramosus (Euclidian distance, ∆, ranging from 7 to 21). The rod-
coccus cell morphology recorded of representative strains also fits with the 
description of this genus (Keddie et al., 1986). Cluster AE was identified as P. 
polymyxa, with an average similarity of 46.1 % to this entry in the TSBA4.0 
database. Cluster AG and AY were both identified by the database as Bacillus 
megaterium and both consist of spore-forming rods. The subdivision could not 
be attributed to the heterogeneity in fatty acid profiles of the species (Kämpfer, 
1994), since only cluster AY groups together with one of the reference B. 
megaterium FAME-biotypes (biotypeA, ∆: 13.5-15.3). Strains of cluster AJ 
were identified as M. luteus and A. oxydans and also cluster together with 
reference strains of these species. The major fatty acids of cluster AJ are 
anteiso-C15:0, iso-C15:0 and anteiso-C17:0 (with average percentages of 63, 14 
and 10 % respectively). It is known that M. luteus, M. lylae and Arthrobacter 
sp. have similar FAME compositions, with major amounts of iso and anteiso 
methyl-branched-chain acids. This and other molecular techniques point the 
need for a reclassification of the Arthrobacter subline (Stackebrandt et al., 
1995). Cluster AK was identified as M. luteus with an average database 
similarity of 29.7 %, this is low yet the strains grouped together with the 
reference profile (∆: 9.0-18.3). Strains from cluster AX can be identified as B. 
subtilis/B. licheniformis. Grouping with the reference profiles resulted in 
Euclidian distances of 2.7 to 14.7 and 3.4 to 14.4 respectively.  Since these 
species have very similar fatty acid profiles (Kämpfer, 1994), both 
identifications are possible. Cluster BC was identified as B. pumilus GC 
subgroup B, with a similarity percentage to the TSBA4.0 database of 68.8. 
The cluster also showed a good grouping with the reference profile (∆: 13.5-
15.3). Strains of cluster BF were identified as Staphylococcus aureus, S. 
epdidermidis, S. haemolyticus and S. hominis. Because of close grouping with 
all the reference profiles of these species, it was not possible to identify the 
cluster at the species level using FAME analysis.  


































Fig. 2.2. Simplified dendrogram obtained by UPGMA clustering of Canberra metric 
similarity coefficients, calculated between the fatty acid profiles of 385 strains. 
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All strains from group II were isolated from sample GG11. Using FAME 
analysis they were identified as species from the nocardioform actinomycetes, 
yet with very low similarity to the database (less then 20 %). Cluster BK was 
grouped next to the reference profile of Nocardioides albus (∆: 10), but the 
distinguishing fatty acids were different from these given in literature for this 
species (Tamura and Yokota, 1994). The cluster is characterised by large 
amounts of iso-C16:0, iso-C16:1, C17:1(w8c) and C18:1(w9c).   
Group III combines the Gram negative bacteria and contains four 
clusters. Cluster BL consists of eight strains isolated from the mural paintings 
of Herberstein that could only be grown on media with sodium chloride. The 
presence of salt tolerant bacteria on the mural paintings of Herberstein was 
previously reported (Rölleke et al., 1996), and a Halomonas species was 
identified using DGGE. Therefore, the FAME-profiles of cluster BL were 
compared with those of Halomonas species in literature. The cluster is 
characterised by large amounts of C18:1(w7c/w9t/w12t) (32-38 %), C16:0 (20-23 %) 
and C16:1 (w7c) (or iso2OH-C15:0) (17-18 %), which is in accordance to the 
dominant fatty acids given for Halomonas species in literature (Franzmann 
and Tindall, 1990; Valderrama et al., 1998). Though the fatty acid composition 
of the cluster is similar to those given in literature, there is no real match with 
a specified species. This can be due to the growth conditions since the fatty 
acid composition varies with temperature, salinity and media components 
(Valderrama et al., 1998). Since there were no Halomonas profiles in the 
TSBA4.0 database, the profiles of two strains, isolated from polar seawater 
and identified by 16S rDNA sequencing as Halomonas variabilis (Mergaert, J., 
unpublished results), were used for comparison. The profiles clustered closely 
together (∆: 7.5-15.6), which is another indication that the cluster is closely 
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Table 2.1. Composition of FAME-clusters and identification with the TSBA4.0 
database 
 
N° of isolates per site Cluster §  
(n° of strains) 
Identification with the TSBA4.0 library * 
(percent database similarity ¶) Carmona Herberstein    Greene 
AA (14) Bacillus / Micrococcus / Arthrobacter 6 4 4 
AB (40) Kocuria / Arthrobacter / Paenibacillus  14 26 - 
AC (4) Brevibacterium iodinum (51) 1 3 - 
AD (3) Bacillus halodenitrificans (31) 1 2 - 
AE (21) Paenibacillus polymyxa (32) 5 11 5 
AF (8) Kocuria varians (24) 2 5 1 
AG (43) B. megaterium GC subgr.A and B (50) 15 1 27 
AH (3) No match - - 3 
AI (4) Paenibacillus pabuli (54) 2 - 2 
AJ (12) M. luteus GC subgr.C / A. oxydans (31) 8 - 4 
AK (20) M. luteus GC subgr.C (30) 16 3 1 
AL (3) Brevibacillus centrosporus (MA) (46) 1 2 - 
AM-AP (17) No match  2 6 9 
AQ (7) Bacillus lentus / Paenibacillus sp. (35) - 2 5 
AR (3) Bacillus circulans (41) 3 - - 
AS (3) Bacillus sp. / Paenibacillus sp. (28) - 1 2 
AT (2) Bacillus sp. (27) 1 1 - 
AU,AV (4) No match 2 - 2 
AW (2) Bacillus circulans (35) 1 1 - 
AX (34) Bacillus licheniformis / subtilis (72) 20 10 4 
AY (20) Bacillus megaterium GC subgr.A (43)  8 6 6 
AZ (3) Bacillus lentimorbus (30) - 1 2 
BA,BB (9) No match 6 1 2 
BC (27) Bacillus pumilus GC subgr.B (69) 20 - 7 
BD (7) No match 4 - 3 
BE (8) Bacillus GC gr.22 (34) - - 8 
BF (15) Staphylococcus sp. (61) 3 3 9 
BG (2) Staphylococcus sp. (55) - 1 1 
BH (3) S. kloosii / cohnii cohnii (21) - - 3 
BI (3) No match 3 - - 
BJ (5) Bacillus cereus / mycoïdes (53) - 2 3 
Other group I (13) Miscellaneous ‡ 4 5 4 
BK (2) No match (MA) - - 2 
Other group II (4) Miscellaneous ‡ - - 4 
BL (8) No match (MA) - 8 - 
BM (2) No match (MA) 2 - - 
BN (2) Methylobacterium extorquens (55) - 2 - 
BO (2) No match 2 - - 
Other group III (3) Miscellaneous ‡ 1 1 1 
Total (385)  153 108 124 
 
§ : Clusters AA-BJ = group I, cluster BK = group II, clusters BL-BO = group III.  
* : Identifications are given for each cluster unless the similarity with the TSBA4.0 database 
was lower then 20 %, such identifications were considered as no match. If clusters contain 
strains that are assigned to two genera, both names are given. If clusters contain strains 
assigned to several species of the same genus, only the genus name is given. Capital letters 
following identifications refer to one of the gas chromatography subgroups of the species. If 
the clusters consist of FAME-profiles obtained after growth on Marine Agar, the identification 
is followed by (MA). 
                                                                                              FAME analysis of mural painting isolates 
 35
¶ : Percent similarity with the reference entry in the TSBA4.0 database given as identification 
for the cluster. The percentage tabulated is the average percentage of all strains in the cluster 
for the identification given. If more than one identification is given, per strain the highest 
percentage to one of the identifications was taken to calculate the % match.  
‡ : Identification of unclustered strains, given in the order of Figure 2.2 (from top to bottom). 
Group I: no match, Bacillus circulans (24 % similarity), 2x no match, Cellulomonas turbata (34 
%), Bacillus lentimorbus (23 %), no match, Staphylococcus lugdunensis (31 %), 5x no match. 
Group II: 3x no match, Rhodococcus rhodococcus GC subgr.B / Nocardia nova (56 an 52 % 





Grouping of FAME-profiles showed that a high diversity of heterotrophic 
bacteria could be isolated from the mural paintings of all three sites. A 
comparison of the species composition of the three sampling sites reveals that 
the similarity is not higher between different samples of one site then between 
those of different sites. The sites have a high similarity in species composition 
if only the clusters that contain ten or more strains are taken into 
consideration. Since the strains from these clusters were frequently isolated 
they are likely to be part of the dominant microflora of the mural paintings. 
Most of the main clusters consist of strains from all three mural painting 
sampling sites, except for cluster AB and BC that have no isolates from 
Greene and Herberstein, respectively. The identification of the main clusters is 
in accordance to the genera isolated from mural paintings in previous studies 
(Weirich, 1989; Karpovich-Tate and Rebrikova, 1990; Altenburger et al., 
1996). Especially Bacillus species are commonly isolated from mural paintings 
(Seves et al., 1996; Ciferri, 1999; Sorlini et al., 1987) and also in this study 
they are the dominant group. The success of bacilli on mural paintings can be 
explained by the fact that they are able to survive for long periods, even up to 
centuries (Sneath, 1962) as spores in which their DNA is protected against 
damage by small, acid-soluble proteins (Fairhead et al., 1993). Small 
populations of bacilli present on mural paintings over a long period of time can 
give very high numbers of spores. Sampling and isolation of such mural 
paintings will give an overestimation of the number of bacilli actually living on 
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the mural paintings. Still, the occurrence of different Bacillus species is an 
indication for a successful growth of the genus on mural paintings. Differences 
between the different sampling sites are found in smaller clusters, and 
especially in those from group II and III. Group II, that comprises the 
nocardioform actinomycetes, is restricted to Greene. The mural paintings of 
Herberstein can be characterised by the presence a cluster of extreme 
halotolerant bacteria from group III, with high similarity to Halomonas. As this 
group is linked to the high counts on media with 10 % sodium chloride, it is 
considered to be a dominant inhabitant of the mural paintings.  
FAME analysis combined with profile comparison proved to be a 
satisfactory method for the primary characterisation of large numbers of 
heterotrophic bacteria. Furthermore, the database of the obtained FAME-
profiles can be used for comparison with future bacterial isolates from mural 
paintings. Identification of the isolates using the TSBA4.0 database was 
difficult for several reasons.  Firstly, not all isolates grow under the conditions 
stated by the culturing protocol. Secondly, the database does not contain 
profiles of all known species. Thirdly, many of the isolated Gram positives 
belong to heterogeneous genera that often contain several FAME biotypes, 
e.g. Bacillus, Micrococcus and Arthrobacter. Therefore, additional techniques 
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16S rDNA sequence analysis of bacterial isolates from 
biodeteriorated mural paintings in the Servilia tomb 
(necropolis of Carmona, Seville, Spain) 
 
Jeroen Heyrman and Jean Swings 
 
Systematic and Applied Microbiology 24, 417-422 (2001) 
 
Bacteria were isolated from damaged mural paintings of the Servilia tomb 
(necropolis of Carmona, Seville, Spain). Selected strains, representative for 
different clusters of isolates with similar fatty acid profiles, were analysed by 
16S rDNA sequence analysis. Bacillus is the dominant genus among the 
isolates: members of the rRNA species complexes of B. megaterium, B. 
pumilus and B. firmus were found as well as several other Bacillus species. 
One group of halotolerant isolates falls in the Bacillus sensu lato group, with 
closest relatedness to the genera Salibacillus and Virgibacillus. Other genera 
found are Arthrobacter, Micrococcus, Streptomyces, Sphingomonas, 
Paenibacillus, and a genus closely related to Paracraurococcus. Many 
isolates showed low 16S rDNA sequence similarities with the closest related 
database entries, a strong indication for the presence of several new species 





It is now well recognised that microorganisms can cause damage on 
mural paintings (Ciferri, 1999). Bacteria are a part of the microbial community 
present on the mural paintings, and may be responsible for esthetical damage 
(overgrowth and discoloration) and structural damage (due to the utilisation of 
the organic compounds present). But although the involvement of 
microorganisms in the deterioration process is well acknowledged, the specific 
role of the different groups and species that compose the community is not 
yet well understood. That is why most studies of biodeterioration of objects of 
art  in  the  past  have  focused on  the deteriorative  potential of  the  different 
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microbial groups involved (Agrawal et al., 1988; Karpovich-Tate and 
Rebrikova, 1990; Sorlini et al., 1987; Weirich, 1989). In these studies, the 
heterotrophic bacteria isolated from the damaged wall paintings are 
characterised solely on the basis of phenotype, which did not allow a reliable 
characterisation. More recent studies apply cellular fatty acid fingerprinting for 
the characterisation of the bacteria (Gonzalez et al., 1999; Laiz et al., 1999; 
Heyrman et al., 1999) and a few include DNA based techniques (Altenburger 
et al., 1996; Donato et al., 2000; Gurtner et al., 2000; Rölleke et al., 1996). A 
reproducible characterisation of the bacteria associated with damage on 
mural paintings, is a prerequisite for precise comparisons between different 
studies of bacterial deterioration of cultural heritage. To obtain this, it is 
necessary to use techniques for which extensive databases are available that 
can be consulted easily. 
This study aims to characterise the bacteria isolated from damaged 
mural paintings of the Servilia tomb (necropolis of Carmona, Seville, Spain). 
The bacterial isolates were previously studied by analysis of the fatty acid 
composition in their cell wall (Heyrman et al., 1999). This approach was used 
to get an indication of the bacterial groups present and for grouping of the 
isolates into clusters of similar strains. These clusters then needed a more 
reliable and reproducible characterisation. To obtain this, 16S rDNA sequence 
analysis was used, a DNA-based technique for which an extensive and 
accessible database is available.  
 
 
3.2. Materials and methods 
 
3.2.1. Description of the site and sampling points 
 
The site of investigation is the Roman necropolis of Carmona (Seville, 
Spain), which consists of different mausoleums, tombs and sanctuaries 
carved into bedrock of calcarenite of the Messinion-Lower Pliocene. The 
necropolis was in use in the first and second century AD and was discovered 
and excavated at the end of the 19th century. Several of the tombs were 
decorated with paintings, but most are strongly damaged. The Servilia tomb 
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has very rich mural paintings of which many parts are visibly deteriorated by 
microbiological growth. This tomb was investigated for bacteria associated 
with the deterioration. For this, three samples were taken: one from the wall at 
the right side of the entrance, a second of the ceiling 75 centimetres above 
the first and a third from a small chamber annex to the main tomb that is 
heavily contaminated by cyanobacteria, algae and lichens. The amount of the 
samples used for investigation was around one gram wet weight.   
 
3.2.2. Bacterial strains 
 
Sample treatment and culturing was described previously (Heyrman et 
al., 1999). In total 163 isolations were made, 47, 53 and 63, for the different 
samples respectively. The isolates were then studied by fatty acid methyl 
ester (FAME) analysis as described and discussed previously (Heyrman et al., 
1999), which allowed a grouping of the isolates according to their fatty acid 
profiles. From each cluster obtained after delineation at 85 % Canberra metric 
similarity, a representative strain was chosen. These strains and one 
ungrouped strain, were further studied by 16S rDNA sequence analysis.  
 
3.2.3. 16S rDNA sequencing 
 
Total genomic DNA was extracted according to a slightly modified 
method of Pitcher et al. (1989), as previously described by Heyndrickx et al. 
(1996). The quality of DNA preparations was verified by measuring the 
absorbance ratio 260/280 nm and by electrophoresis in a 1 % (w/v) agarose 
gel with 0.5 µg/ml of ethidium bromide at 70 V for 30 min in 40 mM Tris-
acetate-1 mM EDTA (TAE) buffer. A fragment of the 16S rRNA gene of the 
extracted DNA (corresponding to positions 8-1541 in the Escherichia coli 
numbering system) was amplified by PCR using conserved primers (forward 
5’ AGA GTT TGA TCC TGG CTC AG 3’ and reverse 5’ AAG GAG GTG ATC 
CAG CCG CA 3’; Edwards et al., 1989). A PCR mixture was made, 
containing, 50 ng of each primer, 250 µM of each deoxyribonucleoside 
triphosphate, 10 µl of 10x PCR buffer (100 mM Tris-HCl, 15 mM MgCl2, 500 
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mM KCl [pH 8.3]), 1 Unit Taq polymerase, and sterile milliQ to dilute the total 
volume to 90 µl. This mixture was distributed over four 0.2 ml tubes and 2.5 µl 
DNA solution, containing 25 ng template DNA, was added to each tube. The 
following temperature sequence was used: 5 min at 95 °C to denature the 
DNA, 3 amplification cycles (45 sec at 95 °C, 2 min at 55 °C, 1 min at 72 °C), 
30 amplification cycles (20 sec at 95 °C, 1 min at 55 °C, 1 min at 72 °C) and 7 
min at 72 °C for final primer extension. All PCR-products were analysed by 
electrophoresis as described above for total genomic DNA. The PCR products 
were purified using a QIAquick PCR Purification Kit (Qiagen), according to the 
manufacturer’s instructions. For each sequence reaction a mixture was made 
of 3 µl purified PCR product, 4 µl of the Big DyeTM Termination RR Mix 
(Perkin-Elmer) and 3 µl (20 ng/µl) of one of the 6 sequencing primers used 
(forward primer, position 339-358, 5’ CTC CTA CGG GAG GCA GCA CT 3’; 
forward, 908-926, 5’ AAC TCA AAG GAA TTG ACG G 3’; forward, 1093-1112, 
5’ AGT CCC GCA ACG AGC GCA AC 3’; reverse, 358-339, 5’ ACT GCT 
GCC TCC CGT AGG AG 3’; reverse, 536-519, 5’ GTA TTA CCG CGG CTG 
CTG 3’ and reverse, 1112-1093, 5’ GTT GCG CTC GTT GCG GGA CT 3’). 
For some isolates, two additional sequencing primers were used to ascertain 
the exactitude of the 16S rDNA sequence, which depended chiefly on the 
distinctness of the obtained peaks (forward, 519-536, 5’ CAG CAG CCG CGG 
TAA TAC 3’; forward, 1222-1241, 5’ GCT ACA CAC GTG CTA CAA TG 3’). 
The following PCR program was used for the sequence reactions: 30 cycles 
(15 sec at 96 °C, 1 sec at 35 °C and 4 min at 60 °C), followed by 1 min at 20 
°C. Sequence analysis was performed using an Applied Biosystems 377 DNA 
Sequencer following the protocols of the manufacturer (Perkin-Elmer). 
Sequence assembly was performed with the program Auto-Assembler 
(Perkin-Elmer). The closest related sequences were found using the FASTA 
program (Pearson, 1990). Phylogenetic analysis was performed using the 
BioNumerics software package (Applied Maths, Sint-Martens-Latem, 
Belgium). The sequences of strains with strong resemblance to the consensus 
sequences of the different isolates were retrieved from the EMBL database 
and aligned. A phylogenetic tree was constructed based on the neighbour 
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3.3. Results and discussion 
 
Table 3.1 shows the results of 16S rDNA sequence analysis, as well as 
the previous FAME-characterisation (Heyrman et al., 1999) of representatives 
of the Carmona clusters. The comparison between the two techniques reveals 
the limitations in identification of the latter. Only strains that show very high 
similarity with FAME-profiles in the TSBA4.0 database (≥ 80 %), have a 
reliable FAME-identification at the species level.  This is the case for two 
strains, identified as Bacillus pumilus and B. megaterium with a similarity of 80 
and 82 %, respectively. In this study, identification at the genus level is 
reliable for all strains that have a similarity with an entry from the database 
above 50 %. Yet it is difficult to set one reliability level that applies for all 
strains since some strains are assigned to the right genus at very low 
similarities. The inaccuracy of the FAME-identifications has different causes. 
First, most isolates belong to genera (e.g. Bacillus, Arthrobacter) of which 
many species are difficult to differentiate on the basis of their fatty acid 
patterns (Kämpfer, 1994; Kämpfer and Kroppenstedt, 1996). This results in 
low similarity percentages with only small differences in percentage similarity 
between the first and the second closest database entry, as seen in Table 3.1. 
Secondly, the TSBA4.0 database does not contain profiles of all known 
species, for example profiles of the genera Streptomyces and 
Paracraurococcus are not included. Thirdly, several of the Carmona isolates 
showed low sequence similarities with their closest related entries of the 
EMBL database (< 97 %), which is a strong indication for the presence of new 
species or subspecies among the isolates, that are of course not included in 
the FAME database. The 16S rDNA sequences of the strains were compared 
to those in the EMBL database. Sequence homologies obtained with the 
FASTA search option (Pearson, 1990) and the neighbour joining method 
                             
 
Table 3.1. Characterisation of the bacterial isolates by 16S rDNA sequence analysis and comparison with fatty acid analysis 
 
Sample 16S rDNA sequence similarity 3 Characterisation 1 LMG-n° 2 
s1 s2 s3 Closest relatives % Acc. n° 
Comparison with fatty acid 
analysis results 4 
         
Bacillus sp. 19489 
(1503) 
2   B.  “macroides”   99.7 AF157696 Bacillus megaterium (78)  
 19491 
(1503) 
1   B. “macroides”   99.8 AF157696 Brevibacillus brevis (41)  
Bacillus megaterium (37) 
 19494 
(1503) 
  2 B. “macroides”  
 
99.7 AF157696 Bacillus circulans (21) 
Brochothrix campestris (21)    
 19490 
(1436) 
  3 B. carboniphilus  





Brevibacillus brevis (39)  
Bacillus megaterium (30) 
 19493 
(1503) 
 1  B. methanolicus   





Brevibacillus centrosporus* (54)  
 19495 
(1503) 
 1  B. methanolicus  





Bacillus circulans (25)  
 19498 
(1430) 
2   B. niacini  





Bacillus circulans (2)  
Bacillus megaterium (2) 
 19500 
(1504) 
2  1 B. licheniformis  

















Micrococcus varians (20) 
Bacillus firmus  19496 
(1310) 
4  14 B. firmus  99.8 D16268 Bacillus flexus (38)  
Bacillus marinus (31) 
Bacillus megaterium 19497 
(1504) 
  3 B. megaterium  





Bacillus megaterium (82)  
Bacillus pumilus 19499 
(1501) 






1 1  S. marismortui   





Bacillus megaterium (60)  
 19492 
(1516) 
7 3 2 S. marismortui   





Bacillus megaterium (61)  
 20964 
(1518) 
1 6  S. marismortui   









 1  S. marismortui   





Kocuria varians (39)  
Paenibacillus sp. 19508H 
(1507) 
4  1 P. “burgondia”    





Paenibacillus polymyxa (65)  
Arthrobacter sp. 19501 
(1475) 
5   A. agilis   





Micrococcus luteus (32)  
Brevibacillus brevis (26) 
 19502 
(1484) 
10 6  A. citreus  





Micrococcus luteus (23) 
Bacillus brevis (14) 
 19503 
(1478) 
 5  A. agilis   





Bacillus laterosporus (26)  
Bacillus pumilus (25) 
Micrococcus luteus 19421H 
(1475) 
 2  M. luteus   





Micrococcus luteus (53)  
Micrococcus lylae (48) 
Streptomyces sp. 19504 
(1480) 
 3  S. galbus   





no match  
Paracraurococcus sp. 19505 
(1441) 
 2  P. ruber   93.7 D85827 Roseomonas group (4)  
 
Sphingomonas sp. 19506 
(256) 
 1  S. natatoria  





no match* - Ungrouped 
 Other 7 11 11 -   Miscellaneous 
         
 
1 Characterisation of the strains on the basis of their 16S rDNA sequence.  For some strains a characterisation at the species level is assumed because of 
high sequence similarity with a database entry (EMBL).  It must be stated that only DNA-DNA hybridisation can confirm this assumption.     
2 Strains were deposited in the BCCM/LMG Bacteria Collection (Laboratorium voor Microbiologie Gent, Ghent, Belgium).  For each strain, the number of 
bases of the analysed sequence is given between brackets. The 16S rDNA sequences of these strains were deposited in the EMBL database under the 
following accession numbers: LMG-19488 to LMG-19508 as AJ315056 to AJ315076; LMG-19416 as AJ276808, LMG-19421 as AJ276811 and LMG 20964 
as AJ316302.  Some characterisations given in the table were not obtained by sequence analysis of strains isolated from Carmona, but by analysis of strains 
isolated from mural paintings of the chapel at Herberstein of which the fatty acid profiles clustered closely together with those of the Carmona strains.  Such 
strains are denoted by xH.   
3 Closest relatives obtained by comparison to the EMBL database using the FASTA search option (Pearson, 1990).  Similarity percentages and accession 
numbers of the closest related database entries are given.  If the difference between the first and the second identification is less then 1.5 % similarity, both 
identifications are given.  
4 FAME identification (Heyrman et al., 1999), similarity percentages to the closest entries of the TSBA4.0 database are given between brackets.  If the 
difference between the first and the second identification is less then 10 % similarity, both identifications are given (*: Deviation of protocol, strains were 
grown on Marine Agar instead of Trypticase Soy Agar). 
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resulted in similar sequence similarities (data not shown).  Since the FASTA 
search option is the most accessible, the similarities obtained from this 
comparison are given in Table 3.1. After comparison, investigated strains 
show high sequence similarity (> 99 %) with an entry in the EMBL database of 
Bacillus firmus, B. megaterium, B. pumilus and Micrococcus luteus, 
respectively and with B. “macroides”, but this name has not yet been 
validated. Since only by applying DNA-DNA hybridisation a definite 
identification at the species level can be obtained, it can only be concluded 
that the strains belong to the same rRNA species complex sensu Fox et al. 
(1992) of the above-quoted species. The remaining strains could not be 
characterised to the species level, in most cases because of low sequence 
homology with the closest entries of the EMBL database. According to 
Stackebrandt and Goebel (1994), two strains that show 16S rDNA sequence 
homologies of 97.5 % or lower, will have less than 60 to 70 % DNA similarity 
and therefore do not belong to the same species. In the other cases, the 
sequence homologies are higher than 97.5 %, nevertheless the strains could 
not be attributed to a particular species since their sequences are related to 
those of two or more species at similar sequence homologies.  
Although a characterisation at the species level was not obtained in 
many cases, most of the strains were well characterised at the genus level. 
The 16S rDNA sequences cluster tightly together with those of other members 
of the genus. Colony morphology and microscopy (cell form and spore 
formation) was in accordance with this characterisation. In this way, four 
additional Bacillus species were found, one Paenibacillus sp. and two 
Arthrobacter sp. A group of four strains clustered closest to Salibacillus and 
Virgibacillus, both recently described genera comprising of halotolerant or 
moderately halophilic species (Arahal et al., 1999; Arahal et al., 2000; 
Heyndrickx et al., 1998; Heyndrickx et al., 1999; Wainø et al., 1999). The four 
strains were checked on salt-tolerance: all grew well on media with 10 % NaCl 
added. The isolation of salt-tolerant strains is not unexpected, since the mural 
paintings in the Servilia tomb show many salt efflorescences. Laiz et al. 
(2000) studied the bacterial communities in salt efflorescences of the chapel 
of all souls (cathedral of Jerez, Spain) using fatty acid analysis and found 
Bacillus to be the dominant genus among the isolates.   
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In our study, all samples show a dominance of Bacillus strains among 
the isolates. In total more than one third of the isolates belongs to the genus 
Bacillus and more than half to Bacillus and related endospore-forming genera. 
Further, 16S rDNA sequencing shows a variety of Bacillus species present on 
the mural paintings. Members of the genus Bacillus have been frequently 
isolated from mural paintings (Altenburger et al., 1996; Ciferri, 1999; 
Karpovich-Tate and Rebrikova, 1990). As previously stated (Heyrman et al., 
1999), it is unclear whether they were present on the mural paintings as 
spores or as free living cells at the time of sampling. Although the deteriorative 
potential of the isolates described were not tested in this study, it was shown 
in previous research that the deteriorative potential of Bacillus strains isolated 
from mural paintings may be due to extra-cellular enzymes capable of 
degrading the binding agents of the murals (Weirich, 1989), or to the 
reduction of iron of some pigments from the paintings (Gonzalez et al., 1999). 
In general it can thus be assumed that certain Bacillus strains take part in the 
processes that cause the observed damage. However, the actual involvement 
of bacteria in these processes in situ can not be estimated on the basis of 
laboratory tests alone. Further, it has been shown that a large part of the 
bacterial community from mural paintings remains uncultured (Gurtner et al., 
2000) and thus many bacteria are excluded from laboratory experiments.  
Strains attributed to the genera Arthrobacter, Micrococcus, Paenibacillus 
and Streptomyces, were all frequently isolated from damaged mural paintings 
(Ciferri, 1999; Karpovich-Tate and Rebrikova, 1990; Weirich, 1989) and in 
several cases the relation of strains to the observed damage has been 
investigated. According to Giacobini et al. (1988), steptomycetes are among 
the first colonisers of frescoes located in tombs, crypts and grottoes. This 
would be consistent with more recent studies on paleolithic rock art in karstic 
caves and murals in Roman catacombs, where streptomycetes were isolated 
as the predominant bacteria (Donato et al., 2000; Groth et al., 1999b). Groth 
et al. (1999b) state that several of the isolated streptomycetes produce 
soluble pigments and crystals, which both are causes of biological damage on 
the paintings. On the culture media used in this study (designed for the 
isolation of heterotrophic bacteria), the number of streptomycetes represented 
less than 10 % of the total colony number for all three samples (Heyrman et 
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al., 1999). Strains of the genus Arthrobacter were reported to be among the 
first colonisers of murals in a medieval church in Rostov (Russia), were they 
could be responsible for the oxidation of lead present in the pigments, leading 
to brown-black spots (Petushkova and Lyalikova, 1986).  
Of one ungrouped strain, a sequence of only 256 base pairs was 
compared with the database and this was closest to the entries of 
Sphingomonas natatoria and Sphingomonas ursincola (basonym 
Erythromonas ursincola, Anonymous, 1999), with the same percentage 
homology (97.2 %). Another isolate had an uncertain characterisation at the 
genus level, because of low sequence similarity and was closest related to 
Paracraurococcus ruber with a percentage similarity to the database entry of 
93.7. To our knowledge, members of the genera Sphingomonas and 
Paracraurococcus have not been isolated from mural paintings before.  
In the light of future conservation of damaged mural paintings, it is 
necessary to perform precise comparisons between the microflora present on 
different sites showing biodeterioration. It is obvious that a reliable 
characterisation of the present microorganisms is a prerequisite for such 
comparisons. From our results and those given in literature, it becomes clear 
that many bacteria related with biodeterioration are not properly 
characterised. In this field of research there is a clear lack of reference strains 
and accessible fingerprints or sequences.  
In the field of microbiological determination of works of art and cultural 
heritage, molecular characterisation methods are being introduced. In this 
study, bacterial strains isolated from the damaged mural paintings of the 
Servilia tomb (necropolis of Carmona, Seville, Spain) are characterised by 
16S rDNA sequencing. The biggest advantage of this technique is the 
accessible database that is very extensive and available for comparison 
(EMBL). For example, of the more then 130 valid species currently described 
for the genus Bacillus sensu lato, only three lack a 16S rDNA sequence in the 
EMBL database. In this way, 16S rDNA sequence analysis meets the need for 
highly accessible and comparable results in this field of research. It was 
shown that for many isolates the sequence similarities obtained were too low 
to assign them to a particular rRNA species complex (below 97.5 %; 
Stackebrandt and Goebel, 1994). This forms a strong indication for the 
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presence of several new bacterial species on the mural paintings. Similar 
findings with 16S rDNA sequencing were obtained in studies on medieval wall 
paintings from the chapel in castle Herberstein and the church of St.-Georgen, 
Styria, Austria (Altenburger et al., 1996; Rölleke et al., 1996). From the first 
site a novel bacterial species, Agrococcus citreus, has recently been 
described (Wieser, 1999). The fact that a substantial part of the bacterial 
community on mural paintings comprises not previously described species, is 
additional stimulus for the accurate characterisation of bacteria associated 
























                                                                                                                                                    51 
CHAPTER FOUR 
 
Comparative analyses of the bacterial diversity on two 
different biodeteriorated wall paintings by DGGE and 16S 
rDNA sequence analysis 
 
Claudia Gurtner, Jeroen Heyrman, Guadalupe Piñar, Werner Lubitz,  
Jean Swings and Sabine Rölleke 
 
International Biodeterioration and Biodegradation 46, 229-239 (2000) 
 
The bacterial diversity associated with two different biodeteriorated wall 
paintings in Herberstein (Austria) and Greene (Germany) was investigated 
and compared using a molecular approach combining fingerprinting by DGGE 
(denaturing gradient gel electrophoresis) with the screening of 16S rDNA 
clone libraries by DGGE and sequencing. In total, 70 16S rDNA sequences 
were obtained. Twenty-three sequences were phylogenetically affiliated with 
genera of the Actinobacteria, namely Arthrobacter, Actinobispora, Amycolata, 
Asiosporangium, Frankia, Geodermatophilus, Nocardioides, 
Promicromonospora, Pseudonocardia, Rubrobacter, Streptomonospora, 
Saccharopolyspora, Sphaerobacter and Thermocrismum. Twenty-seven 
sequences were affiliated with genera of the Proteobacteria, namely 
Aquaspirillum, Chromohalobacter, Erythrobacter, Halomonas, Porphyrobacter, 
Pseudomonas, Rhizobium, Salmonella and unidentified γ-Proteobacteria. 
Nineteen sequences were affiliated with unidentified Cytophagales. One 
sequence was affiliated with the Chloroflexaceae group. Most genera were 
present in more than one sample. The bacterial communities present on the 
two different wall paintings showed only similarities in members of unidentified 
Cytophagales and of the genera Frankia, Geodermatophilus and Arthrobacter. 
Cultivation experiments for one sample were carried out in parallel to the 
molecular approach. Isolates were clustered by fatty acid methyl ester 
analysis (FAME) and representative members of each cluster were 
additionally analysed by DGGE. No similar organisms could be detected by 
the cultivation approach and the molecular approach. Isolates were 
phylogenetically affiliated with the genera Bacillus, Paenibacillus, 
Micrococcus, Staphylococcus, Methylobacterium and Halomonas. The 
sequence of the isolated Halomonas differed from the Halomonas sequences 
obtained by the molecular approach. The combined approach of molecular 
and culturing techniques gives a truer picture of all bacterial organisms on/in a 






It is a well-established knowledge that wall paintings can be attacked 
and destroyed by microorganisms. Wall paintings provide a variety of 
ecological niches, allowing primary colonisation of photoautotrophic and 
chemolithoautotrophic bacteria as well as secondary growth of heterotrophic 
bacteria. Nutrients for heterotrophic bacteria are available from metabolites of 
autotrophic bacteria, from airborne organic contamination and dripping water, 
from animal faeces and, last but not least, from organic compounds in the 
paint layers themselves. Concerning wall paintings, pigments are often 
suspended in water or oil, mostly together with organic binders such as 
casein, egg yolk and milk before application on the damp lime plaster. 
Organic substances may also be applied later, during restoration campaigns.  
Microbial-induced deterioration processes cause structural as well as 
aesthetic damage to wall paintings. The formation of pigmented biofilms, 
biomineralisation, the dissolution of metals by acids and chelating agents, the 
degradation of organic binders and consolidants, and the degradation and 
discoloration of pigments are some of the damaging phenomena triggered by 
microbial growth (Bock and Sand, 1993; Ciferri, 1999; Garg and Dhawan, 
1994; Guglielminetti et al., 1994; Karpovich-Tate and Rebrikova, 1990; 
Krumbein and Petersen, 1990; Lyalikova and Petushkova, 1991; Petushkova 
and Lyalikova, 1986; Saiz-Jimenez and Samson, 1981; Sorlini et al., 1987).  
 A better understanding of the microbial diversity present on art objects 
is important for the development of correct conservation and restoration 
strategies. Microbial investigations carried out in the past were mainly based 
on classical cultivation studies and the characterisation of the isolates was 
often limited to physiological properties. These investigations were helpful to 
demonstrate the importance of microorganisms in deterioration processes, but 
most of them were ad hoc case studies. Results covered only those few 
organisms that could be cultivated. It is generally known that cultivation 
methods recover less than 1 % of the total species of microorganisms present 
in environmental samples (Giovannoni et al., 1990; Ward et al., 1990).  
Bacterial identification based on molecular methods, especially those 
including the sequencing of genes coding for ribosomal 16S rRNA, has 
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become a very important tool to study bacterial communities in environmental 
samples. Furthermore, the DGGE approach allows the separation of partial 
16S rDNA amplicons according to their sequence and the simultaneous 
fingerprinting of bacterial communities of many different samples (Muyzer et 
al., 1993). 
The aim of the present study was to investigate and compare the 
bacterial diversity of five samples derived from two medieval biodeteriorated 
wall paintings and their surrounding walls. For this purpose the molecular 
approach, including the amplification of 16S rDNA, analysis of the bacterial 
community by DGGE, the construction of 16S rDNA clone libraries and 
sequence analyses, was chosen. In addition, from one sample cultivation 




4.2. Materials and methods 
 
4.2.1. Site description and sampling 
 
Investigations were carried out with samples derived from two different 
wall paintings located in the Saint-Catherine chapel in the castle of 
Herberstein (Hb), Styria/Austria and in the Saint-Martin church in Greene (G), 
Niedersachsen/Germany. Samples for investigation of the microbial growth 
were taken in collaboration with restorers (Ochsenfarth Restaurierungen 
Paderborn, Germany) from walls in the nave and in the chancel by scraping 
off material with a sterile scalpel or a glass fiber pencil. Sample Hb1 was 
taken from a brown-coloured coating below the chancel’s east wall window, 
an area without any paint layer. Sample Hb2 was taken from the paint layer 
material together with a black biofilm on the chancel’s vault. Sample Hb3 was 
taken from a black biofilm from an area about 40 cm below of sample Hb1. 
Sample Hb5 was taken from a brownish-black biofilm located on one of the 
sidewalls of the painting (object of previous investigation; Schabereiter-




the painting on the chancel’s north wall by brushing off surface material with a 
glass fibre pencil. 
Sample G4 was taken from a biofilm on the painting area of the nave’s 
west wall in the Saint-Martin church in Greene. 
 
4.2.2. DNA extraction 
 
DNA was extracted from small amounts (1-5 mg) of sample material as 
described previously (Schabereiter-Gurtner et al., 2001). Briefly, cells were 
lysed enzymatically with lysozyme and proteinase K, then treated with a SDS-
based lysis at 65 °C in a final buffer concentration of 100 mM Na2EDTA, 100 
mM Tris-HCl, 100 mM Na2phosphate buffer (pH 8.0), 1.5 M NaCl, 1 % CTAB 
(hexadecyltrimethyl ammonium bromide) and 1.5 % SDS. Samples were next 
subjected to 3 cycles of freezing at –80 °C and thawing at 65 °C to break cells 
mechanically. Afterwards the DNA was purified with the QIAamp Viral RNA 
Mini Kit (Qiagen). DNA was eluted through the silica columns 3 times with 60 
µl ddH2O in order to obtain 3 different eluents. 
Sample Hb1 was divided into 4 parts. One part was extracted as 
described above. Three of the four samples were then subjected to mechanic 
extraction with a Mini Beadbeater (Biospec Products): After a lysozyme and 
Proteinase K treatment, bead beating was performed at 2.700 rpm, adding 0.3 
g of zirconium/silica beads (diameter 0.1 and 0.5 mm) in 300 µl buffer (see 
above), using different bead beating times (2 min, 5 min and 16 min) (Miller et 
al., 1999). After bead beating the samples were incubated at 65 °C for 60 min 
before the DNA was purified with the QIAamp Viral RNA Mini Kit.  
 
4.2.3. PCR amplification of 16S rDNA fragments 
 
For genetic fingerprinting by DGGE two primer sets were used. 
Fragments corresponding to nucleotide positions 341-926 of the Escherichia 
coli 16S rDNA sequence were amplified with the forward primer 341f and the 
reverse primer 907r (Table 4.1). All reactions were carried out in 25 µl 
volumes, containing 12.5 pmol of each primer, 200 µM of each 
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deoxyribonucleoside triphosphate, 2.5 µl of 10x PCR buffer [100 mM Tris-HCl, 
15 mM MgCl2, 500 mM KCl; pH 8.3] and 0.5 U of Taq DNA polymerase 
(Roche Diagnostics), made up to 25 µl with sterile water. Two microliters of 
the DNA extraction were used as template DNA. PCR was performed in a 
Robocycler (Stratagene) with the following thermocycling program: 5 min 
denaturation at 95 °C, followed by 30 cycles of 1 min denaturation at 95 °C, 1 
min annealing at 55 °C and 1 min extention at 72 °C. A final extention step of 
5 min at 72 °C was added at the end. Ten microliters of PCR products were 
visualised by electrophoresis in 2 % (w/v) agarose gels and ethidium bromide 
(0.5 µg/ml) staining.  
For DGGE analysis, 16S rDNA fragments corresponding to nucleotide 
positions 341-534 in the E. coli sequence were reamplified with the forward 
primer 341fGC, to which at its 5´ end a 40-base GC clamp was added and the 
reverse primer 518r (Table 4.1). PCR reactions were carried out in 100 µl 
volumes with 5 µl of PCR product of the first amplification as template DNA. 
Cycling conditions were as described above. The presence of PCR products 
was confirmed by analysing 10 µl of product by electrophoresis in 2 % (w/v) 
agarose gels and staining with ethidium bromide before DGGE analysis. 
 
 
Table 4.1. Primers used in this study 
Primer  Sequence 5´- 3´ Reference 
341f (341-357)a, eubacterial CCTACGGGAGGCAGCAG Muyzer et al., 1993 
518r (534-518)a, universal ATTACCGCGGCTGCTGG Neefs et al., 1990 
907r (926-907)a, universal CCCCGTCAATTCATTTGAGTTT Teske et al., 1996 
27f (8-27)a, universal AGAGTTTGATCCTGGCTCAG Edwards et al., 1989 
1522r (1542-1522)a, universal AAGGAGGTGATCCAGCCGCA Edwards et al., 1989 
GC-clamp CGCCCGCCGCGCGCGGCGGGC
GGGGCGGGGGCACGGGGGG 
Muyzer et al., 1993 
SP6, vector specific ATTTAGGTGACACTATAGAATAC Manufacturer´s protocol (Promega) 
T7, vector specific TAATACGACTCACTATAGGG Manufacturer´s protocol (Promega) 
T3 AATTAACCCTCACTAAAG  
 








4.2.4. Analysis of PCR products by DGGE 
 
For genetic fingerprinting of bacterial communities present in the 
samples, 200 µl of PCR products, obtained by semi-nested PCR with primers 
341fGC and 518r, were precipitated with 96 % EtOH, resuspended in 15 µl 
ddH2O and separated by DGGE. Gel electrophoresis was performed as 
described elsewhere (Muyzer et al., 1993) in 0.5x TAE [20 mM Tris, 10 mM 
acetate, 0.5 mM Na2EDTA; pH 7.8] with 8 % (w/v) acrylamide gels containing 
a linear denaturant gradient from 25 to 60 % of urea and formamide (100 % 
denaturant contains 7 M urea and 40 % (v/v) formamide) in a D GENE-
System (Bio-Rad). Gels were run at a constant temperature of 60 °C, with 200 
V for 210 min. After completion of electrophoresis gels were stained in an 




Fig. 4.1. (A) Detail of the ethidium bromide stained 16S rDNA fingerprints derived 
from the DNA extractions of the samples Hb1, Hb2, Hb3, Hb5 and Hb6 of 
Herberstein. (B) Detail of the ethidium bromide stained 16S rDNA fingerprint of all 
sequenced and pooled clones of the sample G4 of Greene. Lanes M represent 
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4.2.5. Preparation of a reference marker for DGGE 
 
To allow gel-to-gel comparison of different samples, a marker containing 
16S rDNA PCR products derived with primers 341fGC and 518r from ten 
different bacterial species was designed as described previously  
(Schabereiter-Gurtner et al., 2001). The following reference species were 
used: Borrelia sp. (I), Pasteurella canis (II), Listeria monocytogenes (III), 
Actinobacillus pleuropneumonie (IV), Staphylococcus aureus (V), Bordatella 
bronchiseptica (VI), Escherichia coli (VII), Pasteurella haemolytica (VIII), 
Rhodococcus sp. (IX) and Frankia sp. (X). (The numbers between the 
brackets indicate the order in the DGGE band pattern, see Fig. 4.1) 
 
4.2.6. Construction of 16S rDNA clone libraries  
 
In order to obtain sequence information of individual members of the 
bacterial communities, from samples Hb2 and Hb3 DGGE bands were 
excised, reamplified and sequenced directly as described elsewhere (Rölleke 
et al., 1996). From samples Hb1, Hb6, G4 and additionally from sample Hb3 
600 bp 16S rDNA clone libraries were constructed by cloning 5 µl of the PCR 
product amplified with primers 341f and 907r. Cloning was performed with the 
pGEM-T Vector System (Promega), following the protocol of the 
manufacturer. The ligation product was subsequently transformed into E. coli 
XLI-Blue, which allows blue-white screening, and plated on LB medium 
containing ampicilline (100 µg/ml), tetracycline (10  µg/ml), X-Gal (0.1 mM) 
and IPTG (0.2 mM) (Sambrook et al., 1989). 
 
4.2.7. Screening of 16S rDNA clone libraries by PCR and DGGE 
 
To confirm the presence of 16S rDNA inserts, white colonies were 
picked, resuspended in 40 µl TE buffer (10 mM Tris-HCl, 1 mM EDTA; pH 8.0) 
and subjected to three freeze-thawing cycles to lyse the cells. Three 
microliters were subsequently used as template DNA for PCR in a volume of 
25 µl with vector-specific primers SP6 and T7. The following thermocycling 




min denaturation at 95 °C, 40 sec annealing at 46 °C and 2 min extention at 
72 °C and a final extention step of 3 min at 72 °C. Ten microliters of products 
were analysed by electrophoresis in 2 % (w/v) agarose gels. Positive clones 
produced a 760 bp PCR product. Clones without insert produced a 160 bp 
PCR product. In order to screen for different clones, from each 760 bp PCR 
product 1 µl was used as template DNA for a nested PCR with primers 
341fGC and 518r in a volume of 25 µl. Ten microliters of the obtained PCR 
product were subsequently analysed by DGGE. For preliminary screening 10 
µl PCR product were compared with each other in a DGGE containing 25 
slots. In a second screening PCR products of all inserts showing different 
positions in DGGE were pooled, precipitated with 96 % EtOH, run in one 
single slot and compared with the band pattern of the original sample. Inserts 
of clones producing PCR products with an identical position in the original 
DGGE fingerprint of the sample were sequenced.  
 
4.2.8. Cultivation, isolation and characterisation of heterotrophic bacteria of 
sample Hb1 
 
In parallel to the molecular approach, cultivation experiments were also 
performed from sample Hb1. For culturing heterotrophic bacteria, sample Hb1 
was suspended in physiological water and blended for 1 min using a 
Stomacher Lab-blender (L.E.D. Techno, Eksel, Belgium). A dilution series was 
made and plating and incubation were conducted as previously described 
(Heyrman et al., 1999). Colonies were isolated from plates inoculated with the 
highest dilutions showing growth. A total of 25 bacterial strains were isolated 
from visibly different colony types. 
For further characterisation and identification of heterotrophic bacteria, 
the bacterial strains were first studied using fatty acid methyl ester analysis 
(FAME) (Heyrman et al., 1999). The FAME-clustering, obtained by UPGMA of 
the Canberra metric coefficients calculated between the fatty acid profiles of 
strains isolated from eleven samples derived from wall paintings including 
sample Hb1, was used as starting point for further identification of the 
bacterial isolates. Major clusters belonging to the genus Bacillus were 
investigated on spore formation and morphology. From isolates that showed 
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spore formation, representative isolates were chosen for Amplified Ribosomal 
DNA Restriction Analysis (ARDRA) as previously described (Heyndrickx et al., 
1996). Additionally, at least one representative of each cluster and of the 
unclustured isolates was chosen for 16S rDNA sequence analysis. Total 
genomic DNA of the isolates was extracted according to a slightly modified 
method of Pitcher et al. (1989). 16S rDNA was amplified as described above 
with primers 341f and 907r or with primers 27f and 1522r (Table 4.1) and 
sequenced as previously described by Coenye et al. (1999). Strains were 
deposited in the BCCM/LMG Bacteria Collection (Laboratorium voor 
Microbiologie Gent, Ghent, Belgium). 
For DGGE analysis, DNA of the isolates was amplified with primers 
341fGC and 518r as described above. Fifteen microliters of each PCR product 
were compared with the original fingerprint of sample Hb1 to look for common 
DGGE bands. 
 
4.2.9. Sequencing of 16S rDNA fragments 
 
For the direct sequencing of DGGE bands, the extracted DNA was 
reamplified with primer 341f, including an additional T3 sequence at its 5´ end 
(Table 4.1), and primer 518r. For sequencing of clone inserts, PCR product 
was generated with primers SP6 and T7. Hundred microliters PCR product 
were purified with a QIAquick PCR Purification Kit (Qiagen) and sequenced 
with a LI-COR DNA Sequencer Long Read 4200 (Middendorf et al., 1992). 
Sequencing reactions were carried out by cycle sequencing with the 
SequiThermTM system (EPICENTRE) with 2 pmol fluorescently labeled 
primers and 5 U SequiTherm thermostable DNA polymerase. Clone inserts of 
samples Hb3, Hb6 and G4 were sequenced partially or completely with primer 
T7. Clone inserts of sample Hb1 were completely sequenced with primer 341f. 
Excised and reamplified DGGE bands of samples Hb2 and Hb3 were 
sequenced with primer T3 (Table 4.1). PCR products of isolates were 
sequenced either with primer 341f, or with primers 27f and 1522r (see also 






4.2.10. Identification of bacteria by comparative sequence analyses  
 
The obtained sequences were compared with known sequences using 
the Ribosomal Database Project (RDP) (Maidak et al., 1999) and the EMBL 
nucleotide sequence database. The SIMILARITY-RANK tool of the RDP and 
the FASTA search option (Pearson, 1990) for the EMBL database were used 
to search for close evolutionary relatives. 
 
 
4.3. Results and discussion 
 
The bacterial diversity of two different biodeteriorated wall paintings 
located in the St.-Catherine chapel of the castle of Herberstein, Austria and in 
the St.-Martin church in Greene, Germany, was investigated by amplification 
of 16S rDNA fragments, DGGE and sequence analyses. The St.-Catherine 
chapel, which was built from 1330 to 1375, is inserted into the casemate-like 
substructures of the south wing of the Herberstein castle. Medieval lime wall 
paintings can be found on the chancel´s walls and groined vaults and on the 
east, south and north wall of the nave. They were under plaster that was 
probably applied in 1580 until they were rediscovered and exposed in 1927 
and 1930. The surrounding walls and most areas of the paint layer are 
extremely attacked by microorganisms, leading to black and rosy discoloration 
and exfoliation of the paint layer. The wall painting in Herberstein has already 
been subject of previous microbial investigations: Berner et al. (1997) 
investigated the fungal colonisation by conventional culturing methods. 
Rölleke et al. (1996, 1998) investigated the colonisation of the painting by 
eubacteria and archaea using cultivation and molecular techniques. 
The St.-Martin church in Greene, Germany, was built on the remains of 
an older basilica in 1493. Late Renaissance lime wall paintings, which might 
date back to the end of the 16th century, can be found in the nave’s north, 
south and west walls. After renovations in 1690 and 1716 they were covered 
by whitewash that was removed in 1977. The paintings show massive 
irreversible pigmentation due to fungal and bacterial growth. Especially the 
penetration of fungal mycelium into deeper layers leads to exfoliation of the 
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paint layer. Further investigations based on cultivation experiments of 
heterotrophic bacteria isolated from the wall paintings of Herberstein and 
Greene, were carried out by Heyrman et al. (1999).  
 
4.3.1. PCR and DGGE analysis 
 
16S rDNA could be amplified from the second and third elutions of the 
DNA extractions of all five samples. Figure 4.1A shows the original DGGE 
fingerprints of samples Hb1, 2, 3, 5, and 6. Sample Hb5 was subject of other 
investigations in the chapel of Herberstein (Schabereiter-Gurtner et al., 2001). 
Samples Hb1 and Hb3 show the most complex DGGE fingerprints, indicating 
that these two samples were colonised by the most complex communities. 
While the fingerprint of Hb3 contains a variety of dominant bands, the 
fingerprint of Hb1 contains five dominant bands and numerous faint bands. 
Fingerprints of sample Hb1 from which DNA was extracted with or without 
bead beating showed no difference. The use of bead beating produced no 
additional DGGE bands (data not shown). The fingerprint of sample Hb2 
shows five dominant bands and almost no faint bands, indicating a low 
bacterial diversity. The fingerprint of sample Hb5 shows a number of dominant 
bands. Sample Hb6 shows seven dominant bands and very few faint bands. 
Figure 4.1B shows the DGGE fingerprint of all sequenced clones of sample 
G4. The original fingerprint of G4 contained one dominant band and a lot of 
following faint bands (data not shown). 
 
4.3.2. Sequence analyses 
 
Table 4.2 shows the results of sequence analyses of clones. From sample 
Hb1 26 different 16S rDNA inserts were sequenced, matching with all intense 
bands and also with faint bands of the original fingerprint. Four clones of 
sample Hb1 showed two or more bands in DGGE (K38, K42, K62 and K114). 
From sample Hb2 five intense bands and from sample Hb3 three intense 
bands were excised and sequenced directly. Furthermore, sequence 
information of ten additional DGGE bands of sample Hb3 was obtained from 




Table 4.2. Percent similarity in partial 16S rDNA sequences obtained from DGGE 
bands and clones to sequences of their closest bacterial relatives available in the 
EMBL nucleotide sequence database 
 
Sequence name Phylogenetic affiliation % similarity Accession n°d 
Sample Hb1 
Proteobacteria 
Hb1-K66a  (341f /513/1)c Halomonas sp. 96.5 AJ400522 
Hb1-K6a  (341f /520/0)c Halomonas sp. 97.1 AJ400531 
Hb1-K3a  (341f /519/0)c Pseudomonas sp.  99.4 AJ400529 
Hb1-K7a  (341f /531/1)c Pseudomonas sp. 99.4 AJ400532 
Hb1-K74a  (341f /507/1)c uncultured γ-Proteobacterium 86.9 AJ400524 
Hb1-K114a  (341f /511/5)c uncultured γ-Proteobacterium 86.3 AJ400516 
Hb1-K99a  (341f /515/0)c unidentified γ-Proteobacterium 86.7 AJ400526 
Hb1-K42a  (341f /524/0)c uncultured γ-Proteobacterium 84.0 AJ400509 
 
High G+C gram-positive bacteria (Actinobacteria) 
Hb1-K51a  (341f /512/0)c Frankia/Geodermatophilus sp. 90.6 AJ400530 
Hb1-K112a  (341f /500/1)c Frankia/Geodermatophilus sp. 91.1 AJ400511 
Hb1-K94a  (341f /499/9)c Amycolata sp.  95.4 AJ400512 
Hb1-K67a  (341f /503/4)c Amycolata sp. 96.0 AJ400508 
Hb1K-52a  (341f /497/0)c Pseudonocardia sp. 96.5 AJ400519 
 
Cytophaga/Flexibacter/Bacteroides group 
Hb1-K119a  (341f /519/0)c Cytophaga sp. 81.8 AJ400515 
Hb1-K64a  (341f /507/1)c Cytophaga sp. 81.1 AJ400521 
Hb1-K77  (341f /508/0)c Cytophaga sp. 80.4 AJ400525 
Hb1-K56a  (341f /506/0)c Cytophaga sp. 80.9 AJ400520 
Hb1-K108a  (341f /504/3)c Cytophaga sp. 81.5 AJ400514 
Hb1-K103a  (341f /504/0)c Cytophaga sp. 81.8 AJ400517 
Hb1-K62a  (341f /523/1)c Cytophaga sp. 82.1 AJ400513 
Hb1-K38a  (341f /524/0)c Cytophaga sp. 81.9 AJ400510 
Hb1-K106a  (341f /505/1)c Rhodotermus sp. 80.5 AJ400518 
Hb1-K86a  (341f /523/0)c Rhodotermus sp. 79.4 AJ400507 
Hb1-K70a  (341f /506/0)c Rhodotermus sp. 80.3 AJ400523 
Hb1-K72a (341f/524/2)c Marine psychrophile sp.  88.5 AJ400527 
 
Green non-sulfur bacterium, Chloroflexaceae group 




Hb2-Ab  (T3/160/2)c Halomonas sp. 92.5 AJ400533 
Hb2-Db  (T3/159/2)c Halomonas sp. 95.0 AJ400535 
Hb2-Cb  (T3/158/3)c Chromohalobacter sp. 93.0 AJ400534 
 
High G+C gram-positive bacteria (Actinobacteria) 
Hb2-Hb  (T3/151/2)c Saccharopolyspora sp. 88.2 AJ400537 




Hb3-Ab (T3/181/1)c Halomonas sp. 94.3 AJ400539 
Hb3-Bb (T3/180/1)c Halomonas sp. 95.4 AJ400540 
Hb3-K30a (T7/549/2)c Halomonas sp. 97.7 AJ400546 
Hb3-K9a  (T7/549/1)c Halomonas sp. 96.7 AJ400550 
Hb3-K22a  (T7/546/1)c Halomonas sp. 93.2 AJ400542 
Hb3-K4a  (T7/550/0)c unidentified γ-Proteobacterium  88.0 AJ400548 
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Table 4.2. (Continued) 
High G+C gram-positive bacteria (Actinobacteria) 
Hb3-K35a  (T7/540/0)c Saccharopolyspora sp. 92.6 AJ400547 
Hb3-K18a  (T7/532/0)c Pseudonocardia sp. 96.6 AJ400541 
Hb3-K26a  (T7/551/0)c Actinobispora sp. 86.0 AJ400545 
Hb3-K23a  (T7/545/0)c Streptomonospora sp. 96.1 AJ400543 
Hb3-K24a  (T7/539/0)c Thermocrismum sp. 93.7 AJ400544 
 
Cytophaga/Flexibacter/Bacteroides group 
Hb3-K8a  (T7/540/0)c Cytophaga sp. 81.0 AJ400549 




Hb6-K3a (T7/544/0)c Halomonas sp. 97.5 AJ400558 
Hb6-K9a (T7/544/1)c Halomonas sp. 82.7 AJ400561 
Hb6-K4a (T7/521/0)c Halomonas sp. 90.4 AJ400559 
 
High G+C gram-positive bacteria (Actinobacteria) 
 
Hb6-K1a (T7/542/0)c Rubrobacter sp. 92.4 AJ400551 
Hb6-K19a (T7/537/0)c Rubrobacter sp. 87.5 AJ400552 
Hb6-K17a (T7/544/0)c Arthrobacter sp. 94.5 AJ400555 
Hb6-K8a (T7/531/0)c Frankia sp. 90.0 AJ400553 




Hb6-K6a (T7/558/0)c Cytophaga sp. 90.5 AJ400560 
Hb6-K24a (T7/521/0)c Cytophaga sp. 80.8 AJ400556 




G4-K7a  (T7/490/0)c Rhizobium sp. 97.8 AJ400575 
G4-K29a  (T7/523/0)c Erythrobacter sp. 93.9 AJ400572 
G4-K10a  (T7/524/1)c Porphyrobacter sp. 96.7 AJ400570 
G4-K21a  (T7/549/2)c Aquaspirillum sp. 97.1 AJ400566 
G4-K24a  (T7/553/0)c Salmonella sp. 97.5 AJ400567 
G4-K19a  (T7/548/0)c Salmonella sp. 98.3 AJ400564 






High G+C gram-positive bacteria (Actinobacteria) 
G4-K8a  (T7/527/0)c Geodermatophilus sp. 98.9 AJ400576 
G4-K30a  (T7/527/0)c Frankia sp. 94.7 AJ400573 
G4-K26a  (T7/531/0)c Arthrobacter sp. 99.8 AJ400568 
G4-K13a  (T7/575/0)c Sphaerobacter sp. 85.8 AJ400571 
G4-K20a  (T7/528/0)c Promicromonospora sp. 97.9 AJ400565 







G4-K27a  (T7/541/0)c unidentified Cytophagales sp. 89.9 AJ400569 






asequence obtained by shotgun cloning of  600 bp 16S rDNA PCR products 
bsequence obtained by sequencing excised and reamplified DGGE bands 
csequencing primer(s)/number of sequenced bases/number of ambiguous bases 




inserts and from sample G4 fifteen different 16S rDNA inserts, matching with 
the most intense bands of the original fingerprints, were sequenced.  
Sequence analyses of excised and directly sequenced DGGE bands and 
of clone inserts of all five samples revealed that they were phylogenetically 
affiliated with sequences belonging to the Actinobacteria, to the α-, β-, and γ-
subdivision of the Proteobacteria, to the Cytophagales/Flexibacter/ 
Bacteroides (CFB) group and to the Chloroflexaceae group: 20 sequences 
belonged to the Actinobacteria/Actinomycetales, with their highest 
phylogenetic affiliation with the genera Arthrobacter, Actinobispora, 
Amycolata, Asiosporangium, Frankia, Geodermatophilus, Nocardioides, 
Promicromonospora, Pseudonocardia, Streptomonospora, Saccharopoly-
spora and Thermocrismum.  
One sequence belonged to the Actinobacteria/Sphaerobacterales with 
the highest phylogenetic affiliation with the genus Sphaerobacter. Two 
sequences belonged to the Actinobacteria/Rubrobacterales with the highest 
phylogenetic affiliation with the genus Rubrobacter. Twenty-seven sequences 
were affiliated with the α-, β-, and γ-subdivision of the Proteobacteria, such as 
the genera Aquaspirillum, Chromohalobacter, Erythrobacter, Halomonas, 
Porphyrobacter, Pseudomonas, Rhizobium and Salmonella and to 
unidentified γ-Proteobacteria. Nineteen sequences were affiliated with the 
Cytophagales/Flexibacter/Bacteroides group. One sequence was affiliated 
with the Chloroflexaceae group. 
 
4.3.3. Comparison of the bacterial diversity of the different samples 
 
Table 4.3 shows an overview of the abundance of clones and excised 
DGGE bands of similar phylogenetic affiliations found in Herberstein and 
Greene, including also sample Hb5 that was subject of other investigations in 
Herberstein (Schabereiter-Gurtner et al., 2001). Comparative analyses of the 
samples taken from the two different wall paintings revealed major differences 
between the bacterial communities. Only three genera were detected in both 
locations. Comparative analyses of the sequences obtained from Herberstein 
revealed that the differences in the bacterial diversity between the Herberstein 
                                                                                                                 Comparison DGGE - culturing 
  
 65
Table 4.3. Abundance of clones and excised DGGE bands of similar phylogenetic 
affiliations found in Herberstein and Greene 
Highest phylogenetic affiliation with Sample 
 Hb1 Hb2 Hb3 Hb5 Hb6 G4 
Frankia/Geodermatophilus 2    1 2 
Arthrobacter     1 1 
unidentified Cytophagales 12  2  3 2 
Halomonas  2 2 5  3  
Pseudonocardia 1  1 3   
Saccharopolyspora  1 1 5   
unidentified γ-Proteobacterium 4  1    
Pseudomonas, Amycolata, 
Thermomicrobium 
5      
Chromohalobacter, Nocardioides  2     
Streptomonospora, Thermocrismum, 
Actinobispora 
  3    
Rubrobacter, Asiosporangium     3  
Rhizobium, Aquaspirillum, Sphaerobacter, 
Salmonella, Promicromonospora, 
Porphyrobacter, Erythrobacter 
     9 
 
samples were not as high as those between Herberstein and Greene. Some 
genera could be detected in more than one sample. Sequences affiliated with 
Frankia and Geodermatophilus were detected in samples Hb1 and Hb6 of 
Herberstein and in the sample of Greene. Members related to Frankia have 
already been detected by molecular means in Herberstein in previous 
investigations (Rölleke et al., 1996) and on medieval glass (Rölleke et al., 
1999). Furthermore, members of the genus Geodermatophilus have been 
cultured from discoloured sandstone (Urzi and Realini, 1998). Sequences 
affiliated with Arthrobacter were detected in sample Hb6 of Herberstein and in 
the sample of Greene. Arthrobacter is commonly isolated from wall paintings 
(Gonzalez et al., 1999; Karpovich-Tate and Rebrikova, 1990; Pethuskova et 
al., 1989; Rölleke et al., 1996). A high number of sequences were affiliated 
with unidentified Cytophagales in the range of 79-89 % similarity. The low 
sequence similarities indicated that they belonged to a completely new and 
not yet named phylogenetic group. They were found in samples Hb1, Hb3 and 
Hb6 of Herberstein and also in Greene. Five sequences of the samples of 
Herberstein showed 84-88 % sequence similarities to unidentified γ-




with Halomonas were detected in samples Hb1, Hb2, Hb3 and Hb6 of 
Herberstein. Comparison of sequences revealed that DGGE bands Hb2-D 
and Hb3-B contained identical sequences. Halomonas has already been 
detected by molecular means in Herberstein in previous investigations 
(Rölleke et al., 1996). Sequences affiliated with Pseudonocardia and 
Saccharopolyspora were detected in samples Hb1, Hb3 and Hb5 of 
Herberstein. An isolate affiliated with Pseudonocardia has already been 
cultivated previously from Herberstein (Rölleke et al., 1996). 
All other sequences, affiliated both to Proteobacteria and Actinobacteria, 
were restricted only to one sample of Herberstein or Greene. Relatives of 
Rhizobium, detected in the sample of Greene, have already been cultivated 
from wall paintings (Altenburger et al., 1996). Pseudomonas, which was 
detected in sample Hb1 of Herberstein, has also been cultivated from wall 
paintings (Pethuskova et al., 1989). One sequence of sample Hb2 was 
affiliated with the genus Nocardioides. This genus has also been cultured 
from Spanish rock art paintings (Groth et al., 1999b). To our knowledge, all 
other detected genera, namely Actinobispora, Amycolata, Asiosporangium, 
Promicromonospora, Pseudonocardia, Rubrobacter, Streptomonospora, 
Saccharopolyspora, Sphaerobacter, Thermocrismum, Aquaspirillum, 
Chromohalobacter, Erythrobacter, Porphyrobacter, Salmonella and 
furthermore members of the Cytophagales have not been previously reported 
on wall paintings. 
 
4.3.4. Comparison of the cultivation and molecular approaches 
 
The 25 different strains isolated from sample Hb1 were grouped into ten 
different FAME clusters, three strains remained ungrouped. (Table 4.4 lists 
one member of each cluster and the ungrouped strains). The cluster that 
contained the dominant cultivated bacterial type was attributed to the genus 
Halomonas, as predicted previously by FAME (Heyrman et al., 1999). It 
contained seven strains, which were isolated from media with 10 % NaCl 
added and did not grow on media without salt. These strains were responsible 
for the high counts on media  with added salts  (1.1 x 108  colony-forming units  
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Table 4.4. Percent similarity in partial 16S rDNA sequences of Hb1-isolates to sequences of 
their closest bacterial relatives available in the EMBL nucleotide sequence database 
 




Proteobacteria   
BN LMG-19419d (27f, 1522r/1415/2)e Methylobacterium 
fujisawaense 
96.1 AJ276806 




Low G+C gram-positive bacteria (Bacillus/Staphylococcus group) 
AX LMG-19410d (341f/200/1)e Bacillus sp. 99.0 AJ400577 
AW LMG-19411d (341f/200/0)e Bacillus methanolicus 96.0 AJ400579 
AG1 LMG-19414d  (341f/539/1)e Bacillus sp.  97.2 AJ400581 
AF LMG-19416d (27f, 1522r/1516/0)e Bacillus marismortui 96.6 AJ276808 
AN LMG-19415d (27f, 1522r/1502/1)e Bacillus megaterium 95.2 AJ276809 
uncl.c LMG-19413d  (341f/533/1)e Bacillus subtilis 97.2 AJ400580 





uncl.c LMG-19423d (341f/556/0)e Bacillus megaterium 99.1 AJ400582 
AY2 LMG-19412d (341f/200/0)e Paenibacillus sp. 99.0 AJ400578 
BG LMG-19417d (27f, 1522r/1505/0)e Staphylococcus warneri 99.9 AJ276810 
 
High G+C gram-positive bacteria (Actinobacteria) 
AA3 LMG-19421d (27f, 1522r/1475/4)e Micrococcus luteus 99.2 AJ276811 
 
aUsing the ARDRA technique it was shown that the FAME-grouping is more accurate if 
clusters are delineated at a Canberra metric similarity of 85 % instead of 80 %. As a result, 
several of the previously named clusters (Heyrman et al., 1999) were split up, this is indicated 
by a number following the original cluster name  
bAvailable at the EMBL database 
cUnclustered strains 
dDirectly sequenced isolate, LMG, BCCM/LMG Bacteria Collection, Laboratorium voor 
Microbiologie Gent, Gent, Belgium 
eSequencing primer(s)/number of sequenced bases/number of ambiguous bases 
 
per gram sample). This cluster, together with the Bacillus-cluster AN and the 
Methylobacterium-cluster BN were the most representative for Hb1. 
From each cluster amplified 16S rDNA fragments of one or two isolates, 
depending on the presence of one or more Hb1 isolates in each cluster, were 
compared by DGGE. It was found that the FAME grouping was in accordance 
with the DGGE analyses, isolates of the same FAME cluster had the same 
position in DGGE. The three ungrouped strains LMG-19413, LMG-19422 and 




from cluster AN. Isolates of clusters AG1, AX and AY2 produced two bands in 
DGGE (data not shown).  
Sequence analyses of the isolates revealed that strains from five 
clusters and the three ungrouped strains belonged to the genus Bacillus. A 
strain of another cluster was attributed to the genus Paenibacillus (closest 
relatives are given in Table 4.4). Bacilli are commonly isolated from wall 
paintings (Ciferri, 1999; Karpovich-Tate and Rebrikova, 1990; Sorlini et al. 
1987;  Urzi and  Realini, 1998;  Weirich, 1989),  which  is probably  a  result of 
their ability to form spores and their fast growth on culture media. Both 
ARDRA and 16S rDNA sequencing failed to identify the different Bacillus-
strains at the species level. Members of the remaining four clusters belonged 
to the genera Staphylococcus, Micrococcus, Methylobacterium and 
Halomonas (Table 4.4). Only for the Staphylococcus-cluster and Micrococcus-
cluster an identification at the species level was obtained.  
No common results could be found between the cultivation and the 
molecular approach. Comparison between the original DGGE fingerprint of 
sample Hb1 and the isolated strains showed no common DGGE bands (data 
not shown). Comparison of the 16S rDNA fragments of the Halomonas isolate 
LMG-19418 and the to Halomonas affiliated clones Hb1-K66 and Hb1-K6 
revealed that they had different positions in DGGE. Similar discrepancies 
between cultivation and molecular methods were found in several ecological 
studies. In the study of Rheims et al. (1996) a substantial number of Bacillus 
mycoides strains were found in the isolation study, but these were absent in 
the clone library. In an other ecological study by Rheims et al. (1999) the 
cultivation of a complete group of Actinobacteria strains, which had been 
detected by 16S rDNA PCR and cloning failed. A comparative study of 
Dunbar et al. (1999) revealed that 16S rDNA clone libraries provided a higher 
phylogenetic diversity in soil samples than the culture collection provided. 
Reasons for the observed diverging results could be biases in DNA 
extraction, PCR, as well as in cultivation. Possible reasons are: (i) The 
inefficient lysis of gram-positive bacteria or the inefficient lysis of spores. For 
this reason the DNA extraction was repeated, including bead beating which 
should lyse Gram-positive bacteria and spores (Frostegård et al., 1999; Krsek 
and Wellington, 1999; Kuske et al., 1998). Nevertheless, the inclusion of bead 
                                                                                                                 Comparison DGGE - culturing 
  
 69
beating did not change results. (ii) The preferential amplification of some 
sequences, excluding Bacillus 16S rDNA (Farrelly et al., 1995; Heuer et al., 
1997; Muyzer and Smalla, 1998; Polz and Cavanaugh, 1998; Reysenbach et 
al., 1992). (iii) The preferential cultivation of bacteria which form the minority in 
the bacterial community and could therefore not be detected by PCR. Several 
studies showed that only bacterial populations that make up more than 1 % of 
the total community can be detected by PCR and DGGE (Muyzer et al., 1993; 
Murray et al., 1996). 
It is likely that the application of molecular methods, especially the 
amplification of 16S rDNA, will give a more complete view of the present 
bacterial community than traditional culture techniques, since molecular 
methods enable the detection of slowly growing and fastidious bacteria 
(Amann et al., 1995; Head et al., 1998). Studies that relied on cloned or 
directly sequenced 16S rDNA molecules using broad-range oligonucleotides 
showed that the majority of microorganisms remained unidentified because of 
the insensitivity of culture-based methods (Giovannoni et al., 1990). This is 
also demonstrated in the presented study. The DGGE analyses revealed the 
presence of several species on wall paintings, which would need complex 
media or long incubation times for cultivation. With the cultivation approach 
only those bacteria growing under the given laboratory conditions can be 
detected. On the other hand, the high counts obtained by the cultivation 
approach in this study (1.0 x 104 and 1.1 x 108 cfu per gram sample, on media 
without and with added salt, respectively), demonstrate that a substantial part 
of the bacterial community is missed when only the molecular approach is 
used. 
Results indicate that applications of integrated approaches combining 
molecular and cultivation methods raise the probability of characterising all 
bacteria present in a sample and might lead to a better understanding of 
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CHAPTER FIVE 
 
Analysis of the bacterial community associated with severe 
biological damage on the mural paintings of the Saint-Martin 
church (Greene-Kreiensen, Germany) 
 
Jeroen Heyrman and Jean Swings 
 
To be included in a joint publication on the fungal and bacterial community of 
the Saint-Martin church (with A.A. Gorbushina, K. Petersen, T. Dornieden,     
L. Laiz, C. Saiz-Jimenez and W.E. Krumbein) 
 
Microbial growths developed massively on the surfaces and within the 
painting layers of the mural paintings of a village church in Lower Saxony, in 
the years following their exposure and restoration at the end of the 1970ies. 
From this site, three samples were taken to study the bacterial community 
associated with the observed damage and a total amount of one 139 isolates 
were obtained. Selected strains, representative for different clusters of 
isolates with similar fatty acid profiles, were analysed by 16S rDNA sequence 
analysis. The majority of bacteria were attributed to Bacillus and Bacillus-
related genera. Also representatives of Arthrobacter, Staphylococcus and 
Nocardioides were found. On the basis of sequence analysis it could be 
concluded that several of the bacterial isolates from the Saint-Martin church 
possibly belong to novel species. Comparison of the characterised bacterial 
community with previous results from DGGE analysis, revealed a large 





It is now well recognised that mural paintings can be damaged by 
microbial growths (Ciferri, 1999). In general, the mural painting environment 
only allows growth of very adapted microorganisms and therefore it is not 
surprising that previous studies have demonstrated the presence of novel 
microbial taxa (Wieser et al., 1999; Heyrman and Swings, 2001; Altenburger 
et al., 2002). In this study the Saint-Martin church in Greene (Germany) was 
investigated in order to study the bacterial community associated with the 
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damage. The mural paintings in this church were heavily contaminated 
directly after their exposure and restoration at the end of the 1970ies. It was 
hypothesised that the colonisation was triggered by the concrete injections 
used to restore the stability of the tower in the same period (Retterath, 1999). 
Both the substratum effects of the material used and the continuous moisture 
are possible causes. Microbial growth is visible as round growth spots and 
widespread dusty coverings. The threadlike appearance could indicate a 
dominant fungal participation in the biofilm formations. Three samples were 
taken to cultivate bacteria associated with the observed damage. Different 
culture media were used to maximise the diversity of the isolates that were 
initially characterised by fatty acid cell wall analysis (Heyrman et al., 1999). 
Based on the fatty acid patterns, a grouping of the isolates was obtained, as 
well as a preliminary characterisation of the isolates. The clusters delineated 
at about 80 % Canberra metric similarity were further characterised by 16S 
rDNA sequence analysis of representative strains. The bacterial community of 
the mural paintings at Saint-Martin church was previously studied using a 
molecular approach that does not require prior culturing (Gurtner et al., 2000), 
and since this approach also included 16S rDNA sequence analysis, the 
results of both studies could easily be compared.  
 
 
5.2. Materials and methods 
 
5.2.1. Site description and sampling 
 
The Saint-Martin church in Greene-Kreiensen (Lower Saxony, Germany) 
was built in 1439, but the murals were painted in 1582, when the church 
changed from a catholic to a protestant use. They were covered by white 
wash during more then 250 years (1716 to 1977). After the mural paintings 
had been freshly exposed and restored in 1977, they were strongly damaged 
by a fast growing patchy biofilm consisting of filamentous organisms and 
causing brown discoloration. This resulted in severe esthetical damage and 
growths were observed on the northern and southern wall, but most 
conspicuously on the western wall. Sampling was undertaken on the 22nd of 
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March 1999 with a sterile glass-fibre brush or scalpel. In order to study the 
bacterial community associated with the observed damage, three samples 
(G4, G9 and G11) were taken. These samples were divided over different 
laboratories to perform different analyses, including a culture-independent 
approach (Gurtner et al., 2000). Sample G4 was taken from dry biofilms of 
filamentous colonies growing at the west wall of the church (fresco ”Adoration 
of the Magi”), at a height of 1.5 m. Sample G9 and sample G11 were both 
taken from the north wall (fresco ”Jakobus Mayor”), that is colonised by thick 
filamentous growth spots causing brown discolorations, at 2.0 and 1.7 m 
respectively. The two samples differ in the structural composition of the paint 
layer, that in the case of sample G11 contained some straw fragments. 
Sampling was carried out under severe restrictions by the conservation 
authorities and thus sample size and numbers were reduced to the minimum 
(10-50 mg).  
 
5.2.2. Cultivation, isolation and characterisation  
 
The samples were suspended in physiological water and blended for 1 
min using a Stomacher Lab-blender (L.E.D. Techno, Eksel, Belgium). A 
dilution series was made and plating and incubation were conducted as 
previously described (Heyrman et al., 1999). Colonies of heterotrophic 
bacteria were isolated from plates inoculated with the highest dilutions 
showing growth. In total, 139 bacterial isolates were obtained. 
The isolates were characterised in a first approach by fatty acid methyl 
ester analysis (FAME) (Heyrman et al., 1999). The FAME-clustering, obtained 
by UPGMA of the Canberra metric coefficients calculated between the fatty 
acid profiles of isolates from eleven samples derived from three European wall 
paintings (Greene, Herberstein and Carmona), was used as starting point to 
select representative strains for further analysis. At least one representative of 
the major clusters and some ungrouped strains were analysed for their 16S 
rDNA sequence. Total genomic DNA of the isolates was extracted according 
to a slightly modified method of Pitcher et al. (1989), 16S rDNA was amplified 
with eubacterial primers (p27f and 1522r, Edwards et al., 1989) and 
sequenced as previously described (Heyrman and Swings, 2001).  
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5.3. Results and discussion 
 
5.3.1. Isolation and total counts 
 
The total counts [in colony forming units (cfu) per gram wet weight] of the 
three different samples used for isolation differed importantly. The samples 
taken at the north wall (G9 and G11) both revealed a very limited 
heterotrophic bacterial growth of only 3 and 33 colonies, respectively, on all 
media used. This was in contrast with the sample taken at the west wall (G4). 
For this sample the cfu per gram sample were in the range of 8.6 x 105 to 1.4 
x 106 for the media without added salt and 3.2 x 104 cfu g-1 for R2A agar 
(Difco) with 10 % (w/v) NaCl added. A similar marked difference between the 
bacterial communities of the samples was observed by Gurtner et al. (2000). 
In this approach DNA was extracted directly from the samples and followed by 
amplification (PCR) of a part of the sequence coding for 16S ribosomal RNA 
in order to conduct denaturing gradient gel electrophoresis (DGGE). A PCR 
product was obtained directly from sample G4 but not from sample G9 and 
G11, which indicates low numbers of bacterial cells in the latter samples.  
 
5.3.2. Characterisation of the bacterial isolates 
 
A fatty acid profile was obtained of 124 isolates of the Saint-Martin 
church and the patterns were analysed together with those from the other 
mural painting sites (clusters were delineated at 80 % Canberra metric 
similarity, Heyrman et al., 1999). This resulted in 27 different FAME clusters 
(20 contain isolates of sample G4, two contain isolates of sample G9 and ten 
contain isolates of sample G11) and nine ungrouped strains (2, 1 and 6 
respectively). Of the 20 clusters found for the isolates of sample G4, only four 
also contain isolates from sample G9 or G11 (one and three, respectively), 
while 18 of the 20 clusters also contain isolates from one of the other mural 
painting sites (Carmona and Herberstein). This difference in bacterial species 
composition between the samples further confirms the distinctness of the 
different samples.  
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The species composition of the different samples is given in Table 5.1. 
All analysed strains of sample G4 were characterised as belonging to the 
genera Arthrobacter, Bacillus and Bacillus-related genera, all frequently 
isolated from mural paintings (Weirich, 1989; Karpovich-Tate and Rebrikova, 
1990; Altenburger et al., 1996; Ciferri, 1999, Gonzalez et al., 1999). Using 
16S rDNA sequence analysis, high similarity (≥ 99.5 %) was found with 
database entries of Arthrobacter crystallopoietes, Bacillus firmus, B. 
megaterium and B. pumilus. However, for many isolates sequence similarities 
with the closest related database entries were low enough to differentiate 
them at the species level (< 97 %, Stackebrandt and Goebel, 1994). It can 
thus be assumed that several of the mural painting-isolates belong to novel 
species. This was already discussed in more detail for the isolates of the 
mural paintings at the necropolis of Carmona, Seville, Spain (chapter 3). 
Besides the low sequence similarities there was the observation that many 
strains were closest related to not (yet) validated species of the genera 
Bacillus and Paenibacillus (see Table 5.1): B. “macroides”, B. 
”pseudomegaterium”, P. “burgondia” and P. “jamilae”. From the media with 
added salt (10 % NaCl), two clusters of halotolerant strains were isolated, the 
first was characterised as being closest related to Gracilibacillus halotolerans 
(92.7 % sequence similarity) and Bacillus halodenitrificans (92.3 %), the 
second showed the highest sequence similarity with Salibacillus marismortui 
(96.5 %) and Virgibacillus proomii (95.2 %). Halotolerant bacteria were 
previously isolated from other mural paintings (Laiz et al., 2000; Heyrman and 
Swings, 2001) and can be related with salt accumulation in the walls. From 
media used for oligotrophic bacteria (Laiz et al., 2001) some isolates 
characterised by fatty acid analysis, were attributed to still other bacterial taxa. 
Their fatty acid profiles were closest to those of Streptomyces and 
sporoactinomycetes members. Also in sample G11, isolates were 
characterised by fatty acid analysis as belonging to Streptomyces.  
In a recent study by Gurtner et al. (2000) the bacterial community in 
sample G4 was also studied by a molecular approach using DGGE analysis. 
This approach is used to by-pass the cultivation step that is known to select 
only for a part of the microbial community. Using this technique fifteen DGGE 
  
Table 5.1. Bacterial species composition of the different samples 
Identification1 LMG-n°2 Cluster3 #4 Sequence5 Closest related database entry6 
Sample G4      




A. crystallopoietes (X80738, 99.5 %) 
Arthrobacter sp. 19502C AK 1 AJ315070 
(1485) 
A. citreus (X80737, 96.3 %) 
A. aurescens (X83405, 96.0 %) 
Gracilibacillus / Bacillus  sp. 21540 AA 4 AJ491775 
(490) 
G. halotolerans (AF036922, 92.7 %) 
B. halodenitrificans (AB021186, 92.3 %)  
Salibacillus / Virgibacillus sp.  19416H AF 1 AJ276808 
(1516) 
S. marismortui (AJ009793, 96.5 %)   
V. proomii (AJ012667, 95.2 %) 
Bacillus sp. 21004 AG-1 1 AJ316306 
(464) 
B. ”macroides” (X70312, 99.1%) 
 21003 AG-2 3 AJ316307 
(480) 
B. ”macroides” (X70312, 99.4 %) 
 21002 AG-3 23 AJ316308 
(1503) 
B. ”macroides” (AY030319, 99.7 %) 
 
Bacillus sp. 20238 AH 3 AJ316309 
(1504) 
B. ”macroides” (AF157696, 99.6 %) 
Bacillus megaterium 20240 
 
AO 2 AJ316310 
(1504) 
B. megaterium (D16273, 99.6 %)  
Bacillus sp. 20246 AS 2 AJ316311 
(450) 
B.subtilis (AB018486, 94.4 %)  
B. vallismortis (AB021198, 94.4 %) 




B. firmus (D16268, 99.8 %) 
Bacillus sp.  19497C AY 6 AJ315065 
(1504) 
B. megaterium (D16273, 99.7 %)  
B. flexus (AB021185, 98.9 %) 




B. pumilus (AB020208, 99.8 %) 
Bacillus sp. 20247 BJ 3 AJ316312 
(452) 
B. cereus (AF176322, 99.8 %)  
B. anthracis (AF176321, 99.8 %) 
Bacillus sp. 20241 - 1 AJ316313 
(1502) 
B. “pseudomegaterium” (X77791, 97.4 %)  
B. methanolicus (X64465, 95.7 %) 
Paenibacillus sp.  19508H AE1 1 AJ315076 
(1507) 
P. “burgondia” (AJ011687, 93.4 %)  
P. popilliae (AF071860, 93.4 %) 
  20244 AE2 4 AJ316314 
(881) 
P.”jamilae” (AJ271157, 94.3 %)  
P. popilliae (AF071859, 94.2 %) 
  
Sample G4 and sample G11      
Bacillus sp. 20248 AI 1+1 AJ316321 
(386) 
B. ”macroides” (X70312, 99.0 %)  
B. ”maroccanus” (X60626, 97.4 %) 
Bacillus sp. 19500C BD 2+1 AJ315067 
(1504) 
B. licheniformis (X68416, 96.2 %)  
B. sporothermodurans (U49078, 96.1 %) 
Paenibacillus sp.  20245 AQ 4+1 AJ316315 
(1509) 
P. “burgondia” (AJ011687, 94.9 %)  
P. “jamilae” (AF071860, 94.8 %) 
Sample G11      
Bacillus sp.  21005 
 
AP 5 AJ316316 
(1505) 
B. gibsonii (X76446, 98.8 %) 
Bacillus sp. 20243 BA 2 AJ316317 
(1430) 
B. cohnii (AB023412, 95.7 %)  
B. firmus (D16268, 95.6 %) 
Staphylococcus sp. 19417H BG 1 AJ276810 
(1505) 
S. warneri (L37603, 99.9 %)  
S. pasteuri (AB009944, 99.5 %) 
Nocardioides sp. 20237 BK 1 AJ316318 
(1471) 
N. jensenii (AF005006, 96.1 %)  
Aeromicrobium erythreum (AD005021, 95.1 %) 
Uncharacterised genus 20242 - 1 AJ316319 
(1485) 
Terrabacter tumescens (X83812, 96.9 %) 
Janibacter limosus (Y08539, 96.5 %) 
Sample G11 and sample G9      
Staphylococcus sp. 21006H BF 8+1 AJ316320 
(1504) 
S. hominis (X66101, 99.8 %)  
S. haemolyticus (X66100, 98.7 %)  
      
 
1 Characterisation of the strains on the basis of 16S rDNA sequence analysis. For some strains a characterisation at the species level is assumed 
because of high sequence similarity with a database entry (EMBL). It must be stated that only DNA-DNA hybridisation can confirm this assumption. 
2 Strains were deposited in the BCCM/LMG Bacteria Collection. Some characterisations given in the table were not obtained by sequence analysis 
of strains isolated from Greene, but by analysis of strains isolated from the mural paintings of the necropolis of Carmona or the Saint Catherine 
chapel of which the fatty acid profiles clustered closely together with those of the Greene strains. Such strains are denoted by xC or xH, respectively. 
3 Fatty acid clusters delineated at 80 % Canberra metric similarity (Heyrman et al., 1999). For clusters AG and AE, a representative was chosen 
from each subcluster obtained when delineating the fatty acid-grouping at 85 % Canberra metric similarity to verify the taxonomic correctness of the 
clustering. 
4 Number of strains from the Greene samples in each fatty acid cluster.     
5 Accession number and length (in base pairs) of the analysed sequences. 
6 Closest relatives obtained by comparison with the EMBL database using the FASTA search option (Pearson, 1990). Accession numbers and 
similarity percentages of the closest related database entries are given between brackets. If the difference between the first and the second 
identification is less then 2 % similarity, both identifications are given. 
Chapter five  
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bands were obtained. Only one of these bands had the same identification in 
16S rDNA sequence analysis as one of the clusters of cultured strains, 
namely A. crystallopoietes (with 99.8 % similarity to the EMBL entry). Other 
bands were closest to the EMBL database entries of Rhizobium loti (97.8 %), 
Porphyrobacter sp. (96.7 %), Aquaspirillum delicatum (97.1 %), Salmonella 
bongori (97.5 and 98.3 %), Lysobacter antibioticus (96.5 %), 
Geodermatophilus sp. (98.9 %), Frankia sp. (98.9 %), Promicromonospora 
citrea (97.9 %). For five additional bands no high similarity with any EMBL 
entry was obtained.  A similar discrepancy between cultivation and molecular 
methods used to characterise the bacterial community on mural paintings was 
found for the medieval paintings of the chapel in the castle Herberstein 
(Gurtner et al., 2000). In this study (chapter 4) no common results could be 
found between the cultivation and the molecular approach. Possible 
explanations for this large discrepancy may lie in the inefficient lysis, the 
preferential amplification or the preferential isolation and culturing of certain 
groups of bacteria, as discussed in more detail in chapter 4. 
From sample G9, only three strains grew on the presented media. 
Because of this low number, the possibility that the isolates were mere 
contaminants was high. Therefore, only the strains of which the fatty acid 
profiles grouped together with those of isolates from other sampling points 
were further characterised. One of the isolates (LMG 21006) that clustered 
with strains from sample G11 and from the mural painting sites in Carmona 
and Herberstein, was further identified by its 16S rDNA sequence as being 
closely related to Staphylococcus hominis (99.8 %). Of sample G11, two 
additional clusters were assigned to the genus Staphylococcus by FAME 
analysis. One of them was further identified as S. warneri (99.9 %). Since both 
species are associated with human skin (Kloos and Schleifer, 1986) it is 
possible that they are mere contaminants. However, representatives of both 
species were found on plates incubated with different samples from different 
mural paintings sites. Therefore, their identifications are given in Table 5.1. 
The other isolates of sample G11 were assigned to Bacillus, 
Paenibacillus and two genera of the actinomycetes. The actinomycetes form a 
distinct branch of the fatty acid clustering (group II; Heyrman et al., 1999; 
chapter 2) that only contains six strains from sample G11. The strains of this 
Bacterial community of the Saint-Martin church 
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group were previously attributed to the nocardioform actinomycetes on the 
basis of their fatty acid profiles (Heyrman et al., 1999). From two of the six 
strains the 16S rDNA sequence was analysed. One strain was closest related 
to Nocardioides jensenii (96.1 % sequence similarity). Bacteria of the genus 
Nocardioides were recently cultured from cave paintings (Groth et al., 1999b). 
Also DGGE analysis showed the presence of the genus Nocardioides in one 
sample of a medieval mural painting (Gurtner et al., 2000). The other strain 
was closest related to Terrabacter tumescens and Janibacter limosus (96.9 





As discussed above, more than half of the representative strains studied 
by 16S rDNA sequence analysis, showed low sequence similarity with the 
closest related database entries or were closest related to not (yet) validly 
described species. These results indicate that a large part of the bacterial 
community associated with the damage on the mural paintings of the Saint-
Martin church was not previously described to the species level. Similar 
results were obtained for the mural paintings of Carmona and Herberstein 
(chapters 3 and 4). This observation supports the conclusion that in the past 
the bulk of research on biodeterioration of mural paintings has focussed on 
explaining the observed phenomena, thereby neglecting a precise 
characterisation of the bacterial community. However, if the mural painting 
communities obtained in different research studies are to be compared, the 
use of highly reproducible techniques that result in accessible data is a 
prerequisite. This is very important in the light of future conservation, since 
only by precise comparisons, general conclusions can be drawn from the 
different researches. Furthermore there is a need for the description of novel 
species in order to obtain well-characterised reference strains for future 
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CHAPTER SIX 
 
Brachybacterium fresconis sp. nov. and Brachybacterium 
sacelli sp. nov., isolated from deteriorated parts of a medieval 
wall painting of the chapel of castle Herberstein (Austria) 
 
Jeroen Heyrman, An Balcaen, Paul De Vos,  
Peter Schumann and Jean Swings 
 
International Journal of Systematic and Evolutionary Microbiology                
52, 1641-1646 (2002) 
 
 
From two samples of microbial biofilms, damaging the mural paintings at the 
Saint-Catherine chapel of castle Herbertein (Austria), four and nine 
coryneform bacteria were isolated, respectively. A polyphasic taxonomic study 
of these isolates, including morphological, biochemical and chemotaxonomic 
characterisation, rep-PCR fingerprinting, 16S rDNA sequence analysis, DNA 
base ratio and DNA-DNA hybridisations, allocates them to the genus 
Brachybacterium. The isolates of the two samples both represent a new 
species, for which the names Brachybacterium fresconis sp. nov. and 
Brachybacterium sacelli sp. nov. are proposed. The respective type strains 





It is now well recognised that wall paintings can be severely damaged by 
microbial growths (Ciferri, 1999). In studies on the bacterial community 
associated with such deterioration, members of the actinomycetes are 
frequently cultivated (Sorlini et al., 1987; Weirich, 1989; Karpovich-Tate and 
Rebrikova, 1990; Altenburger et al., 1996; Wieser et al., 1999; Groth et al., 
1999b). During the course of classification of heterotrophic bacteria isolated 
from deteriorated parts of the wall paintings in the Saint-Catherine chapel of 




genus Brachybacterium. In this paper, we describe the characterisation of this 
group of strains and describe two new species, B. fresconis and B. sacelli. 
Type strains were deposited in the BCCM-LMG Culture Collection as LMG 
20336T and LMG 20345T, and in the DSMZ-Deutsche Sammlung von 




6.2. Materials and methods 
 
6.2.1. Strains and culture conditions 
 
The strains described in this study originate from the medieval wall 
paintings of the Saint-Catherine chapel at castle Herberstein (Austria). Four 
strains (LMG 20333 and LMG 20335 to LMG 20337) originate from a paint 
layer sample of black discoloration located in the chancel vault of the chapel, 
nine strains (LMG 20338 to LMG 20346) originate from black stripes in the 
upper area of the nave’s north wall. The strains were isolated from trypticase 
soy (BBL) agar (TSA) and R2A agar (Difco) with or without added salt, the 
isolation procedure used was described previously (Heyrman et al., 1999). 
Isolated strains were further grown on Marine agar (MA, Difco) at 28 °C. 
Reference strains were obtained from the DSMZ German Collection of 
Microorganisms (DSMZ-Deutsche Sammlung von Mikroorganismen und 
Zellkulturen, Braunschweig, Germany) and sustained in the BBCM/LMG 
Bacteria Collection (Laboratorium voor Microbiologie Gent, Ghent, Belgium): 
Brachybacterium alimentarium DSM 10672T (= LMG 19551T), B. 
conglomeratum DSM 10241T (= LMG 19849T), B. faecium DSM 4810T (= LMG 
19847T), B. nesterenkovii DSM 9573T (= LMG 19549T), B. 
paraconglomeratum DSM 46341T (= LMG 19861T), B. rhamnosum DSM 
10240T (= LMG 19848T) and B. tyrofermentans DSM 10673T (= LMG 19552T).  
Reference strains were first cultured on PY-BHI medium (Takeuchi et al., 
1995) and further on MA at 28°C. 
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6.2.2. DNA preparation 
 
Total genomic DNA was purified for 16S rDNA sequencing and REP-
PCR using a slight modification of the method of Pitcher et al. (1989), as 
described previously by Heyndrickx et al. (1996). For determination of the G + 
C content and DNA-DNA hybridisation approximately 1 gram of biomass was 
harvested from agar plates and prepared further using a combination of the 
protocols of Marmur (1961) and Pitcher et al. (1989), as described previously 
by Logan et al. (2000).  
 
6.2.3. Rep-PCR genomic fingerprinting 
 
PCR was performed with the REP1 and REP2 primers (Versalovic et al., 
1994) using the PCR-conditions as described by Rademaker and de Bruijn 
(1997). For each strain, 6 µl PCR product mixed with 2 µl loading buffer 
(Rademaker and de Bruijn, 1997) was electrophoresed in an 1.5 w/v agarose 
gel and TAE buffer [1.21 g l-1 Tris 2-amino-2 (hydroxymethyl)-1,3 propandiol, 
0.2 ml l-1 0.5 M EDTA, pH 8] for 15 h at a constant 55 V and 4 °C. The first 
and every sixth lane were loaded with 6 µl of the molecular ruler [45.5 % (v/v) 
100 bp ruler, 36.5 % (v/v) 500 bp ruler and 18 % (v/v) loading buffer]. After 
staining with ethidium bromide (0.5 µg ml-1) and visualisation, the patterns 
were digitalised and a Pearson correlation of the resulting band patterns was 
performed using the BioNumerics 2.0 Software (Applied Maths, Sint-Martens-
Latem, Belgium).  
   
6.2.4. 16S rDNA sequence analysis 
 
Sequence analysis was performed as previously described by Heyrman 
and Swings (2001). A phylogenetic tree was constructed based on global 
alignment and the neighbour joining method including all described members 
of the genus Brachybacterium, and Dermabacter hominis as an outgroup. A 
similarity matrix was constructed using pairwise alignment of the sequences 





6.2.5. Determination of the G + C content and percentage DNA-DNA binding 
 
The G + C content of DNA was determined by high-performance liquid 
chromatography (HPLC) as described by Mesbah et al. (1989) using a Waters 
Symmetry ShieldTM RP8 column thermostatically controlled at 37 °C. The 
solvent was 0.02 M NH4H2PO4 with 1.5 % acetonitrile (pH 4.0). Non-
methylated lambda phage DNA was used as the calibration reference. DNA-
DNA hybridisation was performed using a modification of the microplate 
method (Ezaki et al., 1989), as described by Willems et al. (2001).  
 
6.2.6. Analysis of chemotaxonomic characteristics 
 
Analysis of the fatty acid contents of the cell wall was performed as 
described previously (Heyrman et al., 1999), starting from cells grown on TSA 
for 48 h. Purified cell wall preparations were obtained by the method of 
Schleifer and Kandler (1972). The amino acids and peptides in peptidoglycan 
hydrolysates were analysed as described previously (Groth et al., 1999a). The 
glycolate content of the peptidoglycan was examined by the colorimetric 
method of Uchida et al. (1999). Menaquinones were extracted as described 
by Collins et al. (1977) and were analysed by HPLC (Groth et al., 1997). Polar 
lipids extracted by the method of Minnikin et al. (1979) were identified by two-
dimensional TLC and spraying with specific reagents (Collins and Jones, 
1980). Absence of mycolic acids was demonstrated by TLC (Minnikin et al., 
1975). 
 
6.2.7. Morphological and physiological characterisation 
 
Cell morphology and Gram staining was examined, respectively by 
phase-contrast and normal light microscopy. Growth under anaerobic 
conditions (on MA) and catalase production were recorded. Oxidase activity 
was determined after 48 h growth on MA and using the reagens described by 
Faller and Schleifer (1981). Tolerance to different NaCl-concentrations and pH 
5 was measured spectrophotometrically at A550 in marine broth after 48 h 
incubation at 28 °C. Results were scored positive if the change in A550 was 
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greater than 0.300. Hydrolysis of starch was determined by the method of 
Smibert and Krieg (1994). Hydrolysis of gelatin was tested by streaking the 
isolates on agar medium with 1.2 % (w/v) gelatin added, incubating for 5 days 
and visualising hydrolysis with gelatin-precipitating reagent [15 % (w/v) HgCl2 
in 10 % (v/v) HCl]. API 20NE tests were performed according to the 
recommendations of the manufacturer (bioMérieux). Acid production from 
carbohydrates was studied as described by Takeuchi et al. (1995). 
 
 
6.3. Results and discussion  
 
6.3.1. Genomic analyses 
 
Rep-PCR fingerprinting was used as a first genomic screening method 
to group the isolates, since it was shown previously that in general rep-
fingerprinting is in close agreement with DNA-DNA relatedness studies (Nick 















Fig. 6.1. Grouping of normalised REP-PCR patterns of thirteen Brachybacterium 
isolates from damaged mural paintings in a dendrogram based on an UPGMA 














































































types that can be subdivided in three major groups at less then 10 % similarity 
(Pearson coefficient). Within group 3, two subgroups (3a and 3b) can be 
delineated at 50 % similarity (Fig. 6.1). The clustering corresponds well with 
the origin of the strains, with REP-clusters 1 and 2 containing strains isolated 
from the chapel’s chancel vault and REP-cluster 3a and 3b from the nave’s 
north wall. 
Representatives of the different REP-types were chosen and analysed 
for their 16S rDNA sequence together with the type strains of B. rhamnosum 
and B. paraconglomeratum since the sequences of the latter were not 
available from the EMBL database. The sequences were compared with 
those of all described Brachybacterium species and Dermabacter hominis 




Fig. 6.2. Phylogenetic positions based on 16S rDNA sequences of representative 
mural painting isolates among the type strains of Brachybacterium. Dermabacter 
hominis was included as outgroup. Bootstrap values (expressed as percentages of 














B. rhamnosum LMG 19848T (AJ415376) 
B. nesterenkovii DSM 9573T (X91033)
B. tyrofermentans CNRZ 926T (X91657)
B. alimentarium CNRZ 925T (X91031)
B. faecium DSM 4810T (X91032)
B. conglomeratum NCIMB 9859 (X91030)








Dermabacter hominis DSM 7083T (X91034)
5% sequence divergence
16S-group 1   
(B. fresconis)
16S-group 2   
(B. sacelli)
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Table 6.1. DNA-DNA homology (%) among representatives of each REP-group of 
the mural painting isolates and reference strains of the genus Brachybacterium 















LMG 20333 100 85 58 38 46 45 31 
LMG 20336T 74 100 41 27 34 39 29 
LMG 20345T 53 51 100 39 37 41 26 
B. alimentarium DSM 10672T 37 36 33 100    
B. tyrofermentans DSM 10673T 34 31 23  100   
B. faecium DSM 4810T 35 36 29   100  
B. nesterenkovii DSM 9573T 21 19 18    100 
 
The seven mural painting isolates studied fall in two groups (bootstrap 
value of 94), one containing representatives of REP-groups 1 and 2, and the 
other those of REP-group 3 (a and b). The similarity matrix of the sequences 
revealed high internal pairwise similarity values within each group (99.8 % or 
more). Between the two 16S rDNA groups, an average sequence similarity of 
98.7 % was calculated. 16S-group 1 showed high sequence similarity towards 
B. alimentarium (average of 98.2 %), B. faecium (98.0 %) and B. 
nesterenkovii (97.6 %). 16S-group 2 had the highest sequence similarities 
with B. alimentarium (average of 98.3 %), B. faecium (98.1 %), B. 
nesterenkovii (98.1 %) and B. tyrofermentans (97.9 %). For both groups, 
average sequence similarities with the other Brachybacterium species were 
below 97.5 %.    
The total DNA-DNA relatedness values were determined between a 
representative of the three main REP-types (LMG 20333, LMG 20336T and 
LMG 20345T, respectively) and the closest related Brachybacterium type 
species as determined by 16S rDNA sequencing (sequence similarities above 
97.5 %), see Table 6.1. The average percentage of DNA-DNA binding was 80 
% between the representatives of REP-cluster 1 and 2, 56 % between those 
of 1 and 3, and 46 % between those of 2 and 3. The overall DNA-DNA 
relatedness values of the isolates and the closest related type strains of 
Brachybacterium species were all well below the species level (70 %, Wayne 




belong to two distinct groups that can be allocated to two new species within 
Brachybacterium. 
 
6.3.2. Chemotaxonomic analyses 
 
Chemotaxonomic characterisations of the mural painting isolates were 
compared with those given in the literature for validated Brachybacterium 
species (Collins et al., 1988; Gvozdyak et al., 1992; Takeuchi et al., 1995; 
Schubert et al., 1996).  
The major fatty acid in the two novel taxa is anteiso-C15:0 accounting for 
approximately 75 % of the total fatty acid content (Table 6.2). Both taxa have 
highly similar fatty acid profiles, although some discrimination can be obtained 
on the basis of the fatty acids that occur in low amounts, such as iso-C15:0, 
C16:0 and iso/anteiso-C17:1. The dominance of anteiso methyl-branched fatty 
acids (anteiso-C15:0 and in lesser extent anteiso-C17:0) in the profile of the new 
isolates is also found in all other species of Brachybacterium.  
 
Table 6.2. Comparison of the mean fatty acid profiles of the 2 novel taxa 








Taxon 1: B. fresconis   
 (4 isolates) 










Taxon 2: B. sacelli  














* Taxon 1 contains LMG 20333 and LMG 20335 to LMG 20337; Taxon 2 contains LMG 20338 
to LMG 20346. 
† The data are mean values with standard deviation given below. Only fatty acids that account 
for at least 1 % of the total fatty acid content are listed. 
 
The menaquinone profiles of the new isolates are only partially in 
agreement with those found for other Brachybacterium species. For taxon 1 
(REP-groups 1 and 2, 16S-group 1), the principal menaquinone is MK-7 
(average 63.3 %, ± SD 12.5) with MK-8 present in considerable amount (25.8 
± 8.6 %). In addition, minor amounts of the partially saturated menaquinone 
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MK-7(H2) are also present (5.8 ± 3.0 %). The latter character was not 
mentioned in the description of all other Brachybacterium species. In taxon 2 
(REP-group 3, 16S-group 2), MK-7 occurs as the major menaquinone (61.0 ± 
12.3 %) in combination with substantial to approximately equal amounts of 
MK-8 (34.4 ± 9.7 %). The profiles of four isolates contain minor amounts of 
MK-9 (1.2 ± 0.4 %) and two of these isolates also contain minor amounts of 
MK-7(H2) (both 3 %). Further analyses were performed on the three mural 
painting strains of which the DNA-DNA relatedness was determined. The 
amino acids present in all cell wall hydrolysates of these strains were meso-
diaminopimelic acid, alanine, glycine and higher amounts of glutamic acid. 
The peptides D-Ala→D-Glu→D-Glu and D-Glu→Gly were found in the partial 
hydrolysate (data not shown). From these results the peptidoglycan type A4γ 
m-Dpm←D-Glu←D-Glu with glycine bound to the α-carboxyl group of D-
glutamic acid at position 2 of the peptide subunit (type A31.2, DSMZ 
Catalogue of Strains, seventh edition, 2001) was concluded. The three 
isolates studied share this peptidoglycan type with Brachybacterium faecium, 
B. rhamnosum, B. conglomeratum and B. paraconglomeratum. The 
peptidoglycan structure differentiates the isolates from B. nesterenkovii that 
lacks glycine and from B. alimentarium and B. tyrofermentans both containing 
aspartic acid. The strains do not contain mycolic acids and the muramic acid 
residues of the peptidoglycan are N-glycolylated, which further supports the 
affiliation to Brachybacterium. The strains LMG 20336T and LMG 20345T 
correspond in displaying phosphatidylglycerol and diphosphatidylglycerol and 
one unidentified glycolipid. 
  
6.3.3. Biochemical analyses 
 
Both novel taxa tolerate high levels of sodium chloride in their growth 
medium, with an optimal growth from 2.5 to 10 % NaCl and weak growth at 15 
%. This is not unexpected since halotolerant and halophilic bacteria belonging 
to different genera have been reported to occur on deteriorated monuments 
(Saiz-Jimenez and Laiz, 2000). Also, several other Brachybacterium species 




1996). The two novel taxa can be easily distinguished from each other on the 
basis of gelatinase and urease activity. Other discriminative characteristics 
between all present species of Brachybacterium are given in Table 6.3. 
 
Table 6.3. Distinguishing characteristics between the two novel taxa and the species 
in the genus Brachybacterium 
 




B. fa B. n B. c B. p B. r B. a B. t 
Growth in presence of: 
     7.5 % NaCl 
     10 % NaCl 





































Growth at pH 5.0 100 100 - + v - + ND ND 
Hydrolysis of gelatin 100 0 - - - - + + + 
Urease production 100 0 - - + + + - - 
Assimilation of: 
     Mannose 
     Mannitol 
     N-acetyl-glucosamine 














































Acid production from: 
     D-fructose 
     DL-lactose 
     Maltose 
     D-mannose 























































G + C content of the type 
strain (mol %) 
70.4 70.3 69.4 70.0 70.6 68.6 71.5 73.0 73.0 
 
B. fr: Brachybacterium fresconis (LMG 20333, LMG 20335 to LMG 20336) and B. s: B. sacelli 
(LMG 20338 to LMG 20346), data from this study given as a percentage (percentages of 89 
and 11 are given as positive or negative, respectively, in the species description) except for 
acid production and G + C content that apply only to the respective type strains LMG 20336T 
and LMG 20345T; B. fa: B. faecium, data taken from Collins et al. (1988) and Takeuchi et al. 
(1995); B. n: B. nesterenkovii, data from Gvozdyak et al. (1992) and Takeuchi et al. (1995); B. 
c: B. conglomeratum, B. p: B. paraconglomeratum and B. r: B. rhamnosum, data from 
Takeuchi et al. (1995); B. a: B. alimentarium and B. t: B. tyrofermentans, data from Schubert 
et al. (1996).  
+, positive; +w, weakly positive; v, variable; -, negative; ND, not determined.    
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6.4. Description of Brachybacterium fresconis sp. nov.  
 
Brachybacterium fresconis [fres.co’nis. N.L. gen. n. fresconis, pertaining or 
belonging to fresco(es)] 
 
Cells vary in shape from coccoid forms (single or in agglomerates) in the 
stationary phase, to short rods in the exponential phase. Cells are non-motile, 
do not form endospores and stain Gram positive. Colonies on MA after 24 h 
are small (<1 mm), cream-coloured, smooth, glistening, circular in outline and 
low convex. No growth in an anaerobic chamber on MA. The temperature 
range for growth is 5 to 40 °C, with optimal growth between 20-30 °C. The 
NaCl concentration for growth ranges from 0 to 15 % (w/v). Grows at pH 5. 
Catalase and urease are produced, oxidase is not produced. Aesculin and 
gelatin are hydrolysed, starch is not hydrolysed. Nitrate is reduced to nitrite. 
Indole is not produced. Arginine dihydrolase negative and ß-galactosidase 
positive. Assimilation of arabinose, glucose, maltose and mannose is positive; 
caprate, citrate and malate are not assimilated. The cell wall peptidoglycan 
contains meso-diaminopimelic acid and is of the type A4γ m-Dpm←D-Glu←D-
Glu with glycine bound to the α-carboxyl group of D-glutamic acid at position 2 
of the peptide subunit. Muramic acid residues are glycolylated. 
Phosphatidylglycerol, diphosphatidylglycerol and one unidentified glycolipid 
were found as polar lipids. Mycolic acids are absent. The principal 
menaquinone is MK-7, MK-8 is present in substantial amounts and MK-7(H2) 
in minor amounts. The main fatty acid is anteiso-C15:0. The type strain 
produced acid from D-fructose, D-glucose, DL-lactose, maltose, D-mannose 
and sucrose, but not from D-arabinose, L-arabinose, D-galactose, D-
melezitose and D-sorbitol. The G + C content is 70.4 mol % for the type strain, 
that was deposited in the BBCM/LMG Bacteria Collection as LMG 20336T and 
at the DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen 
GmbH as DSM 14564T. The 16S rRNA sequence of this strain is deposited at 






6.5. Description of Brachybacterium sacelli sp. nov.  
 
Brachybacterium sacelli (sa.cel’li. L. gen. n. sacelli, of the chapel) 
 
Cells vary in shape from coccoid forms (single or in agglomerates) in the 
stationary phase, to short rods in the exponential phase. Cells are non-motile, 
do not form endospores and stain Gram positive. Colonies on MA after 24 h 
are small (<1 mm), cream-coloured, smooth, glistening, circular in outline and 
low convex. No growth in an anaerobic chamber on MA. The temperature 
range for growth is 5 to 40 °C, with optimal growth between 20-30 °C. The 
NaCl concentration range for growth is 0 to 15 % (w/v). Grows at pH 5. 
Catalase is produced, oxidase and urease are not produced. Aesculin is 
hydrolysed, gelatin and starch are not hydrolysed. Nitrate is reduced to nitrite. 
Indole is not produced. Arginine dihydrolase negative and ß-galactosidase 
positive. Strains assimilate gluconate, maltose, mannose, mannitol and N-
acetyl-glucosamine, but not adipate, arabinose, caprate, citrate, glucose and 
malate. The cell wall peptidoglycan contains meso-diaminopimelic acid and is 
of the type A4γ m-Dpm←D-Glu←D-Glu with glycine bound to the α-carboxyl 
group of D-glutamic acid at position 2 of the peptide subunit. Muramic acid 
residues are glycolylated. Phosphatidylglycerol, diphosphatidylglycerol and 
one unidentified glycolipid were found as polar lipids. Mycolic acids are 
absent. The principal menaquinone is MK-7 in combination with either MK-8 in 
smaller but still considerable amounts, or in approximately equal amounts. 
MK-7(H2) or MK-9 are present in minor amounts in some strains. The main 
fatty acid is anteiso-C15:0. The type strain produced acid from D-fructose, D-
glucose, DL-lactose, maltose, D-mannose and sucrose, but not from D-
arabinose, L-arabinose, D-galactose, D-melezitose and D-sorbitol. The G + C 
content is 70.3 mol % for the type strain, that was deposited in the 
BBCM/LMG Bacteria Collection as LMG 20345T and at the DSMZ-Deutsche 
Sammlung von Mikroorganismen und Zellkulturen GmbH as DSM 14566T. 
The 16S rRNA sequence of this strain is deposited at EMBL under accession 
number AJ415384. 
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CHAPTER SEVEN 
 
Halomonas muralis sp. nov., a new species isolated from 
microbial biofilms colonising the walls and murals of the 
Saint-Catherine chapel (castle Herberstein, Austria) 
 
Jeroen Heyrman, An Balcaen, Paul De Vos and Jean Swings 
 
International Journal of Systematic and Evolutionary Microbiology, 
Papers in Press, http://dx.doi.org/10.1099/ijs.0.02166-0 
 
A group of seven halophilic strains (optimal growth at 2.5-10.0 % NaCl) was 
isolated from samples of a wall and a mural painting, both heavily 
contaminated by microbial growth, inside the Saint-Catherine chapel of castle 
Herberstein (Austria). The strains were subjected to a polyphasic taxonomic 
study that included DNA-DNA relatedness study, DNA base ratio 
determinations, 16S rDNA sequence analysis, rep-PCR genomic 
fingerprinting, fatty acid analysis, phenotypic and biochemical 
characterisation. The obtained data indicate that the strains belong to the 
genus Halomonas, and represent a new species for which the name 
Halomonas muralis sp. nov. is proposed. The type strain is strain LMG 20969T 





It is well acknowledged that wall paintings can be attacked and 
destroyed by microorganisms (Ciferri, 1999). An example of this can be found 
in the Saint-Catherine chapel of castle Herberstein (Styria, Austria), of which 
the chancel’s walls are decorated with medieval paintings that are badly 
damaged by microbial growth. The bacteria associated with the observed 
damage at this site and other mural painting sites were investigated in several 
studies using DNA based techniques and these revealed that many of the 
bacteria found could not be attributed to any valid species (Altenburger et al., 
1996; Rölleke et al., 1996; Wieser et al., 1999; Gurtner et al., 2000; Heyrman 
and Swings, 2001). In a previous study, five samples of different deterioration 
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phenomena of the mural paintings and walls at Herberstein were investigated 
on the presence of heterotrophic bacteria (Heyrman et al., 1999). Three of the 
samples showed heavy bacterial contaminations (1.0-7.5 x 108 cfu per gram) 
on media with added salt (10 % NaCl). One colony type was responsible for 
the bulk of these total counts and seven isolates of this colony type were 
purified. After polyphasic characterisation, this group of seven isolates can be 




7.2. Materials and methods 
 
7.2.1. Strains and culture conditions  
 
Isolates were obtained from trypticase soy (BBL) agar (TSA) 
supplemented with 10 % (w/v) NaCl, as previously described (Heyrman et al., 
1999), and further maintained on marine agar (MA, Difco) at 28 °C. They were 
all, except LMG 20971, isolated from a sample taken from a brown-coloured 
coating below the chancel’s east wall window, an area without paint layer. 
LMG 20971 was isolated from a sample taken from paint layer material 
covered with a black biofilm on the chancel vault. Four isolates were 
deposited in the BCCM/LMG Bacteria Collection (Laboratorium voor 
Microbiologie Gent, Ghent, Belgium) as H. muralis LMG 19418, LMG 20969T, 
LMG 20970 and LMG 20971. The others, R-5038, R-5056 and R-5059, are 
maintained in MicrobankTM tubes (PRO-LAB diagnostics) at -80 °C as part of 
the laboratory research collection.  
 
7.2.2. DNA preparation  
 
Total genomic DNA was purified for 16S rDNA sequencing and BOX-
PCR using a slight modification of the method of Pitcher et al. (1989), as 
described previously by Heyndrickx et al. (1996). For determination of the G + 
C content and DNA-DNA hybridisation approximately 1 gram of biomass was 
harvested from agar plates and prepared further using a combination of the 
                                                                                                                    Halomonas muralis sp. nov. 
 
 97
protocols of Marmur (1961) and Pitcher et al. (1989), as described previously 
by Logan et al. (2000).  
 
7.2.3. Rep-PCR genomic fingerprinting  
 
PCR was performed with the BOX-primer (Versalovic et al., 1994) using 
the PCR-conditions as previously described by Rademaker and de Bruijn 
(1997). For each strain, 6 µl PCR product mixed with 2 µl loading buffer 
(Rademaker and de Bruijn, 1997) was electrophoresed in an 1.5 w/v agarose 
gel and TAE buffer [1.21 g l-1 Tris 2-amino-2 (hydroxymethyl)-1,3 propandiol, 
0.2 ml l-1 0.5M EDTA, pH 8] for 15 h at a constant 55 V and 4 °C. The first and 
every sixth lane were loaded with 6 µl of the molecular ruler [45.5 % (v/v) 100 
bp ruler, 36.5 % (v/v) 500 bp ruler and 18 % (v/v) loading buffer]. After staining 
with ethidium bromide (0.5 µg ml-1) and visualisation, the patterns were 
digitalised and a Pearson correlation of the resulting band patterns was 
performed using the BioNumerics 2.0 Software (Applied Maths, Sint-Martens-
Latem, Belgium).  
   
7.2.4. 16S rDNA sequencing and phylogenetic analysis 
 
Sequences were analysed as previously described by Heyrman and 
Swings (2001). Phylogenetic analysis was performed with the BioNumerics 
2.0 software, including a 16S rDNA sequence (1390 to 1540 base pairs) of all 
validly described members of the genera Halomonas and Chromohalobacter, 
Pseudomonas beijerinckii, and using Zymobacter palmae and Carnimonas 
nigrificans as outgroups. Calculation of a pairwise similarity matrix (discarding 
unknown bases) was followed by global alignment and calculation of a 
multiple alignment similarity matrix. This matrix was corrected for multiple 
base changes at single positions by the formula of Jukes and Cantor (1969) 
and a tree was constructed by applying the neighbour-joining method of 
Saitou and Nei (1987). The stability of relationships was assessed by a 
bootstrap analysis of 1000 datasets. 
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7.2.5. Determination of the G + C content and percentage DNA-DNA binding 
 
The G + C content of genomic DNA was determined by high-
performance liquid chromatography (Mesbah et al., 1989) using a Waters 
Symmetry ShieldTM RP8 column thermostatically controlled at 37 °C. The 
solvent was 0.02 M NH4H2PO4 with 1.5 % (v/v) acetonitrile (pH 4.0). Non-
methylated phage lambda DNA was used as the calibration reference. DNA-
DNA hybridisation was performed using a modification of the microplate 
method described by Ezaki et al. (1989), as described by Willems et al. 
(2001).  
 
7.2.6. Gas chromatographic analysis of fatty acid methyl esters  
 
Since growth on TSA without added salt was very poor (a reliable fatty 
acid pattern on this medium was only obtained for LMG 20971 after 48 h at 28 
°C), the isolates were grown on MA for 24 h and on TSA + 10 % (w/v) NaCl 
for 24 or 48 h, at 28 °C. Quantitative analysis of cellular fatty acid 
compositions was further performed using the gas-liquid chromatographic 
procedure as previously described (Mergaert et al., 1993) and the resulting 
profiles were analysed by the Microbial Identification System (MIS) of MIDI 
(Newark, Delaware). Further computer analysis was performed as previously 
described  (Heyrman et al., 1999). 
 
7.2.7. Morphological and physiological characterisation  
 
Cell morphology and Gram staining was examined, respectively by 
phase-contrast and normal light microscopy. Flagella arrangement was 
examined by phase-contrast microscopy using the staining method of 
Heimbrook et al. (1989). Anaerobic growth (in anaerobic chamber on MA), 
catalase and oxidase activity were recorded. Tolerance to different NaCl-
concentrations, pH and temperatures was measured spectrophotometrically at 
A550 in marine broth after 48 h incubation at 28 °C. API 20NE tests were 
performed according to the recommendations of the manufacturer 
(bioMérieux). Additional strips were prepared starting from a suspension in 
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distilled water with 3 % (w/v) NaCl added and further following the 
recommendations given. Utilisation of different carbon sources was analysed 
using marine broth as a base and replacing the peptone component by 1 % 
(w/v) of each carbon source tested. Results were monitored after 72 h of 
incubation at 28 °C and (as for all other tests) were scored positive if the 
change in A550 was greater then 0.300.   
 
7.2.8. Antibiotic susceptibility testing   
 
Sensitivity reactions to antibiotics were tested by applying sensi discs (6 
mm, Oxoid) on inoculated MA plates and incubating for 24 h at 28 °C. Zone 
diameter interpretive standards of the National Committee for Clinical 
Laboratory Standards (1993) were used for interpretation. The following 
antibiotics were tested: ampicillin (25 µg), bacitracin (10 µg), chloramphenicol 
(30 µg), clindamycin (10 µg), erythromycin (15 µg), gentamicin (30 µg), 
kanamycin (30 µg), oxytetracycline (30 µg), rifampicin (5 µg), streptomycin (10 
µg), tetracycline (30 µg) and vancomycin (20 µg). 
 
 
7.3. Results and discussion 
 
7.3.1. Genomic fingerprinting 
 
BOX-PCR was used since it was shown previously that rep-fingerprinting 
is in close agreement with DNA-DNA relatedness and can be used as a 
genomic screening method to group new isolates and to select for 
representative strains for further analyses (Nick et al., 1999; Rademaker et al., 
2000). The seven isolates showed identical BOX-patterns (Fig. 7.1), indicating 
their high genomic similarity and herewith supporting their classification into 
the same species.  
LMG 19418, LMG 20969T, LMG 20970 and LMG 20971 were further 
analysed by sequencing of the 16S region between positions 27 and 1512 (E. 
coli numbering). All the 16S rDNA sequences analysed were 100 % similar, 
herewith  confirming the  mutual high  overall genomic  similarities as revealed  
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Fig. 7.1. BOX-PCR patterns of the 
seven Halomonas isolates. 
………………………… 
Lane 2 to 6: BOX-patterns of isolates 
LMG 19418, R-5038, R-5056, LMG 
20969T and R-5059; lane 8-9: BOX-
patterns of LMG 20970 and LMG 
20971; lanes 1, 7 and 11: molecular 
weight marker; lane 10 and 12: 




















by the BOX-PCR pattern. In the tree based on the neighbour-joining algorithm 
(Fig. 7.2), LMG 20969T, representative for the group, clustered closest to 
Halomonas pantelleriensis and H. desiderata with pairwise alignment 
similarity percentages of 97.1 and 96.7 %, respectively. The similarity with all 
other sequences was below 96 %. In the 16S rDNA clustering, the genus 
Halomonas is not monophyletic and the novel isolates are positioned at 
comparable distance in the phylogentic tree to the type species of Halomonas 
(H. elongata) and Chromohalobacter (C. marismortui), with sequence 
similarities of 94.9 and 95.1 %, respectively. Based on 16S rDNA sequencing, 
Chromohalobacter was recently expanded by two species C. canadensis and 
C. israelenis (Arahal et al., 2001), previously described as Halomonas, and 
this resulted in a better agreement between the phylogenetic tree and the 
classification. This Chromohalobacter-group has a bootstrap value of 100 % 
in the presented clustering (Fig. 7.2). In addition, Arahal et al. (2002) recently 
discussed the phylogeny of the family Halomonadaceae on the basis of 23S 
and 16S rDNA sequence analyses and found two distinguishable 
phylogenetic groups in the genus Halomonas (marked as group 1 and 2 in 
Fig. 7.2). Group 1 has a bootstrap value of 94 % and contains six species, 
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Fig. 7.2. Phylogenetic position based on neighbour joining of the 16S rDNA 
sequence of LMG 20969T, representative of the mural painting isolates, among the 
species of the genera Halomonas and Chromohalobacter. Zymobacter palmae and 
Carnimonas nigrificans were used as outgroup. Bar represents 0.01 substitutions per 
nucleotide position. Bootstrap values (expressed as percentages of 1000 





















Halomonas halophila (DSM 4770T, M93353) 
Halomonas halmophila (ATCC 19717T, AJ306889)
Halomonas elongata (ATCC 33173T, X67023) 
Halomonas eurihalina (ATCC 49336T, X87218) 
Halomonas salina (ATCC 49509T, AJ243447) 
Halomonas maura (CECT 5298T, AJ271864) 
LMG 20969T (AJ320530, 1493 bp) 
Halomonas desiderata (DSM 9502T, X92417)
Halomonas pantelleriensis (DSM 9661T, X93493)
Halomonas pacifica (DSM 4742T, L42616) 
Halomonas cupida (DSM 4740T, L42615) 
Halomonas campisalis (ATCC 700597T, AF054286)
Halomonas halodenitrificans (ATCC 13511T, L04942)
Halomonas alimentaria (KCCM 41042T, AF211860) 
Halomonas subglaciescola (DSM 4683T, AJ306892)
Halomonas halodurans (DSM 5160T, L42619)
Halomonas variabilis (DSM 3051T, AJ306893)
Halomonas venusta (DSM 4743T, AJ306894) 
Halomonas magadiensis (NCIMB 13595T, X92150)
Halomonas aquamarina (DSM 30161T, AJ306888)
Halomonas meridiana (DSM 5425T, AJ306891)
Halomonas marina (DSM 4741T, AJ306890) 
Chromohalobacter salexigens (DSM 3043T, AJ295146)
Chromohalobacter israelensis (ATCC 43985T, AJ295144)
Chromohalobacter marismortui (ATCC 17056T, X87219)
Pseudomonas beijerinckii (ATCC 19372T, AB021386)
Chromohalobacter canadensis (ATCC 43984T, AJ295143)
Halomonas marisflavi (KCCM 80003T, AF251143) 
Zymobacter palmae (IAM 14233T, D14555)
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(Bouchotroch et al., 2001). Group 2 has a bootstrap value of 99 % and 
contains seven Halomonas species. The other Halomonas species studied by 
Arahal et al. (2002) could neither be attributed to one of these two groups nor 
formed a delineated additional group amongst themselves. However, the 
recently described species H. alimentaria (Yoon et al., 2002) clusters with H. 
halodenitrificans in Figure 7.2 (boostrap value of 96 %). Both species lack the 
usual rod-shaped cell morphology (Yoon et al., 2002). Further, the novel 
species H. muralis groups with H. pantelleriensis and H. desiderata, with 
respective bootstrap values of 96 and 87 %. Finally, the recently described H. 
marisflavi forms a distinct evolutionary lineage within the Halomonadaceae 
(Yoon et al., 2001), as was already the case for H. marina. Taken the current 
phylogenetic situation of Halomonas into account, it cannot be excluded that 
the genus will be taxonomically rearranged at the generic level, yet the here 
discussed group of novel isolates clearly falls within the genus as currently 
described.    
As discussed above, the 16S rDNA sequence similarities were around 
97 % with H. pantelleriensis and H. desiderata, but lower than 96 % with all 
other species in the EMBL database. Generally recommended and accepted 
criteria for delineating bacterial species, state that strains with a level of DNA 
relatedness below 70 % or with a difference in 16S rDNA similarity greater 
than 3 % are considered as belonging to different species (Wayne et al., 
1987; Stackebrandt and Goebel, 1994). Yet, bacterial strains with a difference 
in 16S rDNA similarity smaller than 3 % cannot be allocated to the same 
species without performing DNA-DNA relatedness studies. Since the 16S 
rDNA similarity percentages obtained were just around this level for the two 
closest relatives, a representative of the group of novel isolates, LMG 20969T, 
was used in a total DNA-DNA relatedness study with the type strains of H. 
pantelleriensis and H. desiderata. The obtained values were well below 70 %, 
with LMG 20969T showing relatedness values of 22 and 18 % with H. 
desiderata, and 22 and 23 % with H. pantelleriensis, thus allocating the group 
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7.3.2. Fatty acid analysis 
 
The seven isolates form a distinct group in a larger UPGMA clustering of 
the Canberra metric coefficients calculated between the FAME profiles of 385 
strains isolated from different samples of three mural painting sites (Heyrman 
et al., 1999). The group branched off in the clustering at approximately 75 % 
Canberra metric similarity and the seven isolates show an internal similarity of 
more than 90 %. The major fatty acids found for the isolates were C18:1, C16:0 
and C16:1 ω7c and / or iso-C15:0 2OH (Table 7.1), which is in accordance with 
other Halomonas species (Franzmann and Tindall, 1990; Urukami et al., 
1990; Berendes et al., 1996; Valderrama et al., 1998; Bouchotroch et al., 
2001; Yoon et al., 2001; Yoon et al., 2002). Valderrama et al. (1998) reported 
that for H. salina the fatty acid composition changes when cells were grown at 
different salt concentrations. Although only for one isolate (LMG 20971) a 
reliable fatty acid profile could be obtained from growth on TSA without added 
salt, the results show that there is no important change in fatty acid 
composition with or without 10 % salt added. In contrast, profile differences 
were observed between isolates grown on MA and TSA. Indeed, fatty acid 
profiles obtained from isolates grown on MA contain lower relative amounts of 
the mono-unsaturated C16:1 and C18:1 fatty acids.   
 
 
Table 7.1. Fatty acid composition of the group of novel isolates on different media  
 












































TSA    
(LMG20971) 
3.13 4.27 8.80 18.80 17.00 < 1.00 42.80 2.31 
 
Data are expressed as a percentage. The fatty acid composition on MA and TSA + 10 % 
NaCl for all 7 isolates are given as mean percentages with the standard deviation. The fatty 
acid composition on TSA could only be determined for strain LMG 20971. Fatty acids for 
which the mean amount was less than 1 % are not included. The summed feature comprises 
C16:1, iso-C15:0 or both. 
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Table 7.2. Differentiating characteristics between H. muralis, its closest relatives H. 
pantelleriensis, H. desiderata and the type species H. elongata 
 






H. elongata‡  
ATCC 33174T 
pH range 5.0-10.0 7.5-11.0 7.0-11.0 5.0-9.0 
NaCl range (% w/v) 0-15 1.25-15 0-18 0-32 
Oxidase + + + - 
Urease - + - + 
Gelatin hydrolysis - - - + 
Anaerobic growth - - + + 
Growth on: 
     D-arabinose 
     cellobiose 
     lactose 
     raffinose 


























     chloramphenicol 













G + C content of the type 










* data taken from Ramona et al. (1996); † data taken from Berendes et al. (1996); ‡ data taken 
from Vreeland et al. (1980); § additional data determined in this study for H. elongata LMG 
9076T. +, > 85 % positive; -, 0-15 % positive; ND, not determined. 
 
 
7.3.3. Cultural and physiological characteristics 
 
The seven isolates grow poorly on media without salt and have their 
optimal growth with 2.5 to 10 % NaCl added but do not grow in the presence 
of 20 % NaCl or more. No growth was observed at 5 and 40 °C, while the 
optimum temperature range for growth was 25-35 °C. All isolates showed a 
wide pH optimum of 6.5-9.5, with pH limits for growth between 5.5 and 10.0 
(LMG 20969T, also grew at pH 5.0). Herewith, these isolates are distinguished 
from the closest related species in 16S rDNA sequence analysis, H. 
pantelleriensis and H. desiderata, that are both obligately alkaliphilic (Romano 
et al., 1996; Berendes et al., 1996). Additional characteristics to discriminate 
the isolates at the species level from their close relatives and the type 
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species, Halomonas elongata, are given in Table 7.2. Assimilation tests in API 
20NE strips did not result in any positive reaction after 48 h of incubation. 
Because it is very unlikely that all isolates would score negative on all tests, 
these negative results are probably due to shortcomings or inhibitors of the 
inoculation medium, and therefore these results were excluded from the final 
phenotypic description. Additional characteristics that apply for all isolates are 
given in the description below.  
 
7.3.4. Antibiotic susceptibility  
 
All isolates were sensitive to erythromycin, gentamicin, kanamycin and 
rifampicin and resistant to the other antibiotics tested.   
 
 
7.4. Description of Halomonas muralis sp. nov. 
 
Halomonas muralis [mu.ra’lis. L. adj. muralis, pertaining or belonging to 
wall(s)] 
 
Cells are rods, 0.4-0.6 µm wide and 1.5-3.0 µm long, occur singly or in 
pairs, are motile by flagella, do not form endospores and stain Gram negative. 
Colonies are small (< 1 mm) and colourless on MA, smooth, glistening, 
circular in outline and low convex in height. Strictly aerobic. Oxidase and 
catalase positive. The temperature range for growth is 10 to 35 °C with 
optimal growth between 25 and 35 °C. Growth occurs in a pH range of 5.5-
10.0 and is optimal in a range of 6.5-8.5. The NaCl concentration range for 
growth is 0-15 % (w/v) and the optimal range is 2.5-10 % (w/v). Aesculin is 
hydrolysed, gelatin is not hydrolysed. Nitrate is reduced to nitrite. Indole is not 
produced. The following carbon sources can be used for growth: D-glucose, 
DL-lactose, D-melezitose, raffinose, sucrose and D-trehalose. No growth on 
D-fructose and D-xylose. Usually no growth on D-arabinose (except R-5056), 
cellobiose (except R-5056) and D-galactose (except LMG 20970 and R-
5056). Growth on D-mannose is variable. Cells are susceptible to 
erythromycin, gentamicin, kanamycin and rifampicin. They are resistant to 
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ampicillin, bacitracin, chloramphenicol, clindamycin, oxytetracycline, 
streptomycin, tetracycline and vancomycin. The major fatty acids are C18:1, 
C16:0 and C16:1 and/or iso-C15:0 2OH. Isolated from samples of biofilm covering 
a wall and a mural of the Saint-Catherine chapel of castle Herberstein 
(Austria). The G + C content is 62.4 mol % for the type strain, that was 
deposited in the BCCM/LMG Bacteria Collection as LMG 20969T and in the 
Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH as DSM 
14789T. The 16S rRNA sequence of this strain was deposited in EMBL under 
accession number AJ320530. In the variable characters listed above, the type 
strain scores negative for growth on D-mannose. Additionally, the type strain 
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CHAPTER EIGHT 
 
Virgibacillus carmonensis sp. nov., Virgibacillus necropolis 
sp. nov. and Virgibacillus picturae sp. nov.,  
three new species isolated from deteriorated mural paintings,  
transfer of the species of the genus Salibacillus to 
Virgibacillus, as Virgibacillus marismortui comb. nov.  
and Virgibacillus salexigens comb. nov.,  
and emended description of the genus Virgibacillus 
 
Jeroen Heyrman, Niall A. Logan, Hans-Jürgen Busse, An Balcaen,     
Liesbeth Lebbe, Marina Rodriguez-Diaz, Jean Swings and Paul De Vos 
 
International Journal of Systematic and Evolutionary Microbiology,         
Papers in Press, http://dx.doi.org/10.1099/ijs.0.02371-0  
 
A group of thirteen strains was isolated from samples of biofilm formation on 
the mural paintings of the Servilia tomb (necropolis of Carmona, Spain) and 
the Saint-Catherine chapel (castle at Herberstein, Austria). The strains were 
subjected to a polyphasic taxonomic study, including (GTG)5-PCR, 16S rDNA 
sequence analysis, DNA-DNA hybridisations, DNA base ratio determination, 
fatty acid analysis, polar lipid analysis, menaquinone analysis, morphological 
and biochemical characterisation. In a phylogenetic tree based on neighbour 
joining of 16S rDNA sequences, the strains are divided in two major groups, 
representing three novel species according to DNA-DNA relatedness study, 
that are positioned in approximately equal distance to Virgibacillus and 
Salibacillus. After comparison of the novel results with the existing data, 
transfer of the species in Salibacillus to Virgibacillus is proposed, with the 
resulting new combinations V. marismortui comb. nov. and V. salexigens 
comb. nov. Additionally, three novel species are described for which the 
names V. carmonensis sp. nov., V. necropolis sp. nov. and V. picturae sp. 
nov. are proposed. The respective type strains are LMG 20964T, LMG 19488T 










Although it is now well acknowledged that microorganisms can cause 
serious damage on mural paintings (Ciferri, 1999), a reliable characterisation 
of bacteria associated with such damage is too often lacking (Heyrman and 
Swings, 2001). To obtain a better insight in the microbial community involved 
in biodeterioration on mural paintings, three sites (among which the necropolis 
at Carmona, Spain, and the St.-Catherine chapel of the castle at Herberstein, 
Austria) were sampled and investigated as part of a European research 
project.  In a previous study (Heyrman et al., 1999) 385 strains, isolated from 
the different mural painting sites and samples, were analysed by fatty acid 
methyl ester gas chromatography. This resulted in a grouping of the strains 
based on their fatty acid profiles. Representatives of the different clusters of 
strains with similar profiles were further studied by 16S rDNA sequencing. 
Several of these representative strains showed the highest sequence 
similarity with members of the genera Salibacillus (Wainø et al., 1999; Arahal 
et al., 2000) and Virgibacillus (Heyndrickx et al., 1998-1999). Both genera 
comprise halotolerant (Virgibacillus) or halophilic (Salibacillus) species. 
Among the strains of the clusters that were attributed to these genera by 
study of representative strains, both halotolerant and halophilic isolates were 
present. This paper presents the further description of thirteen strains that 
represent three new species. In a clustering based on the 16S rDNA 
sequence data, these species have intermediate positions between the 
genera Virgibacillus and Salibacillus. In addition, the species show 
intermediate G + C contents and share phenotypic properties with both 
genera. Therefore, we propose to combine Virgibacillus and Salibacillus in a 
single genus, Virgibacillus, comprising V. pantothenticus, V. proomii, V. 
salexigens comb. nov., V. marismortui comb. nov., as well as the three new 








8.2. Materials and methods 
 
8.2.1. Strains and culture conditions 
 
The thirteen strains studied originate from two samples of different mural 
painting sites. Strains LMG 19492T, LMG 20963, LMG 20964T, LMG 20966, 
LMG 20967, LMG 20968 and LMG 19488T were isolated from the Servilia 
tomb of the Roman necropolis at Carmona (Seville, Spain), that was heavily 
contaminated by microbial growths in the period following its rediscovery and 
excavation at the end of the 19th century. The isolates originate from a small 
sample taken from the ceiling at the right side of the entrance of the tomb. 
Strains LMG 19416 and LMG 20958 to LMG 20962 were isolated from a small 
sample of a rosy biofilm that almost completely covers the north wall of the 
chancel of the Saint-Catherine chapel in the castle of Herberstein (Styria, 
Austria). The isolation procedure was described previously (Heyrman et al., 
1999). All new isolates presented in this study were obtained from media with 
10% salt added and were further subcultured on Marine Agar (MA, Difco) at 
28 °C. Strains were checked for purity, cell morphology and spore formation. 
 
8.2.2. DNA preparation 
 
Total genomic DNA was purified for 16S rDNA sequencing and rep-PCR 
using a slight modification of the method of Pitcher et al. (1989), as described 
by Heyndrickx et al. (1996). For determination of the G + C content and DNA-
DNA hybridisation, approximately 1 g of biomass was harvested from agar 
plates. DNA was purified by a combination of the protocols of Marmur (1961) 
and Pitcher et al. (1989), as described previously by Logan et al. (2000).  
 
8.2.3. Rep-PCR genomic fingerprinting 
 
PCR was performed with the (GTG)5-primer (Versalovic et al., 1994) 
using the PCR-conditions as previously described by Rademaker and de 





(Rademaker and de Bruijn, 1997) was electrophoresed in an 1.5 w/v agarose 
gel and TAE buffer (1.21 g l-1 Tris 2-amino-2 (hydroxymethyl)-1,3 propandiol, 
0.2 ml l-1 0.5M EDTA, pH 8) for 15 hours at a constant 55 V and 4 °C. The first 
and every sixth lane were loaded with 6 µl of the molecular ruler (45.5 % (v/v) 
100 bp ruler (BioRad), 36.5 % (v/v) 500 bp ruler (BioRad) and 18 % (v/v) 
loading buffer). After staining with ethidium bromide (0.5 µg ml-1), the patterns 
were digitalised and a Pearson correlation of the resulting band patterns was 
performed using the BioNumerics 2.0 Software (Applied Maths, Sint-Martens-
Latem, Belgium).  
   
8.2.4. 16S rDNA sequencing and phylogenetic analysis 
 
Sequence analysis was performed as previously described by Heyrman 
and Swings (2001). For partial sequencing two primers were used (reverse 
358-339 and reverse 536-519; Heyrman and Swings, 2001) to obtain the first 
400 to 500 base pairs of the 16S rRNA gene, that was described as the 
hypervariable region for the genus Bacillus (Goto et al., 2000). A phylogenetic 
tree was constructed using the BioNumerics 2.0 Software by applying the 
neighbour-joining method of Saitou and Nei (1987) on a multiple alignment 
similarity matrix. The stability of relationships was assessed by a bootstrap 
analysis of 1000 datasets. 
 
8.2.5. G + C content and percentage DNA-DNA binding 
 
The G + C content of DNA was determined by high-performance liquid 
chromatography (Mesbah et al., 1989) using the further specifications given 
by Logan et al. (2000). DNA-DNA hybridisation was performed using a 
modification of the microplate method of Ezaki et al. (1989), as described by 









8.2.6. Chemotaxonomic characterisation  
 
Gas chromatographic analysis of fatty acid methyl esters was performed 
starting from strains grown on MA for 24 h at 28 °C. A quantitative analysis of 
cellular fatty acid compositions was further performed by the gas-liquid 
chromatographic procedure as previously described (Mergaert et al., 1993). 
Computer analysis of the resulting profiles was performed as described by 
Heyrman et al. (1999). Isoprenoid quinones were extracted by the method of 
Tindall (1990) and analysed by HPLC as described by Altenburger et al. 
(1996). Extraction and analysis of polar lipids by two-dimensional TLC were 
performed according to Ventosa et al. (1993). 
 
8.2.7. Phenotypic characterisation  
 
Strains were grown and maintained on MA, on which colony morphology 
and temperature range were observed. Anaerobic growth (in anaerobic 
chamber on MA) and catalase activity were recorded. The ability to grow at 
different added salt concentrations (0.5, 5, 10 and 25 % (w/v) NaCl) was 
tested with trypticase soy broth (BBL) as basal medium. Utilisation of different 
sugars as sole carbon source was analysed using marine broth as a base and 
replacing the peptone component by 1 % (w/v) of each sugar tested. Growth 
was measured spectrophotometrically after 72 h of incubation at 28 °C and 
scored weakly positive or positive if the change in A550 was greater then 0.200 
or 0.400, respectively. Testing of salt tolerance and utilisation of carbon 
sources was also performed on V. pantothenticus LMG 7129T, V. proomii 
LMG 12370T, S. salexigens LMG 21520T and S. marismortui LMG 18992T. 
Phenotypic characterisation using the API 20E and 50CHB systems, and the 
API Biotype 100 system, followed the methods of Logan and Berkeley (1984) 
and Heyndrickx et al. (1997) respectively; all suspension media were 
supplemented with 7 % (w/v) NaCl. Skim milk agar, used when testing for 
casein hydrolysis was also supplemented with 7 % NaCl. Basal media for 5 % 






8.3. Results and discussion 
 
8.3.1. Rep-PCR fingerprinting 
 
(GTG)5-PCR and 16S rDNA sequencing were used to determine the 
genotypic diversity of the isolates and to select strains for DNA-DNA 
hybridisation. Based on (GTG)5-PCR electrophoretic patterns, a dendrogram 
using the Pearson correlation was constructed (Fig. 8.1). This resulted in one 
group of four strains with very similar patterns (further denoted as V. 
carmonensis), an ungrouped strain (LMG 19488T, further denoted as V. 
necropolis), and a group of eight profiles with moderate similarities (further 
denoted as V. picturae) and of which strain LMG 19416 showed the most 
dissimilar pattern. The grouping as described is in good accordance with 
observations of colony morphology (on MA) and the growth characteristics of 
the strains in relation to added salt. V. carmonensis contains salt-dependent 
strains with pink colonies, whereas V. necropolis (strain LMG 19488T) and V. 
picturae have cream-coloured colonies that also grow on media without salt. 
The grouping only partly reflects the origin of the strains. Indeed, while V. 
carmonensis contains only strains from the sample taken at Carmona, V. 
picturae contains strains from both murals. In this last taxon, the two strains 
originating from Carmona (LMG 19492T and LMG 20963) showed very similar 
(GTG)5-patterns, while those originating from Herberstein had very diverse 
rep-patterns.    
 
8.3.2. Sequence analysis 
 
The 16S rRNA genes of five representative strains covering the most 
diverse (GTG)5-patterns have been sequenced almost completely. For the 
other isolates only the first 400 to 500 bases, corresponding to the 
hypervariable region in Bacillus (Goto et al., 2000), have been sequenced, 
except for LMG 20967 and LMG 20968 that have not been subjected to 
sequence analysis because they share an almost identical (GTG)5-PCR 
pattern with LMG 20964T. The topology of the phylogenetic tree (Fig. 8.2) 




based on neighbour joining, and which also includes the closest related taxa 
as retrieved from the EMBL database by FASTA search (Pearson, 1994), 
supports the grouping of the mural strains as obtained with (GTG)5-PCR. The 
V. carmonensis strains have highly similar 16S rDNA sequences (≥ 99.8 %) 
and LMG 20964T, which is representative of this taxon, shows 99.4 % 
similarity to LMG 19488T (V. necropolis). As sequence similarities of V. 
carmonensis and V. necropolis are below the 97 % species level  
(Stackebrandt and Goebel, 1994) with other taxa (Table 8.1), the strains 
belonging to these taxa can be attributed to at least one new species. All 
sequences of the V. picturae strains were also highly similar (≥ 99.9 %), 
except for strain LMG 19416 which also gave a somewhat aberrant pattern in 
rep-PCR. LMG 19416 has an average sequence similarity of 99.3 % towards 
LMG 19492T and LMG 20959. Also the V. picturae strains have less than 97 
% similarity in rDNA sequence when compared to the closest neighbour taxa. 
At the supra-species level, both groups of strains obtained from mural 
paintings share the highest sequence similarity with species of Virgibacillus 
and Salibacillus. They both have the highest sequence similarity with the type 
strain of S. marismortui, and then in descending order with those of V. 
pantothenticus, V. proomii and S. salexigens. In the tree, they are positioned 
at approximately equal distances from Virgibacillus and Salibacillus. Thus, the 
phylogenetic tree derived from 16S rDNA sequence analysis shows two 
groups with high sequence similarity, that are distant enough from all other 
described species to represent at least two new species and that form a 
monophyletic group together with the species of Virgibacillus and Salibacillus. 
Moreover, although Salibacillus salexigens and S. marismortui group together 
(Fig. 8.2), S. marismortui shows higher pairwise similarity percentages with 
the Virgibacillus species (Table 8.1), which indicates that both genera are not 
clearly separated on the basis of 16S rDNA sequence analysis. An additional 
strain in the sequence tree corresponds to Bacillus sp. 2-9-3, isolated from the 
inside of a halite crystal that has not recrystallised since being deposited at 
least 250 million year ago (Vreeland et al., 2000). This strain shows very high 
sequence similarity with S. marismortui (99.7 %) and DNA-DNA hybridisation 


















Fig. 8.1. Grouping of normalised (GTG)5-PCR patterns of thirteen Virgibacillus 
isolates from damaged murals in a dendrogram based on an UPGMA clustering of 
Pearson correlation similarity coefficients. The origin of the strains is denoted C for 





Table 8.1. 16S rDNA sequence similarity matrix (%) calculated using the UPGMA 
algorithm for representative strains of the mural painting isolates and the type 
species of the genera Virgibacillus and Salibacillus 
 
Taxon 1 2 3 4 5 6 7 8 
1. LMG 20964T 100        
2. LMG 19488T 99.4 100       
3. LMG 19492T 96.0 95.7 100      
4. LMG 19416 96.1 95.7 99.5 100     
5. V. pantothenticus IAM 11061T 95.5 95.4 95.8 96.1 100    
6. V. proomii LMG 12370T 96.1 95.9 95.7 95.7 97.2 100   
7. S. salexigens ATCC 700290T 95.3 95.1 94.8 94.9 95.1 95.5 100  
8. S. marismortui DSM 12325T 96.4 96.2 96.8 96.9 96.8 97.0 96.6 100 
Pearson correlation
LMG 20967   C      
LMG 20964T
LMG 20968   C
LMG 20966   C
LMG 19488T
LMG 20959   H
LMG 20962   H
LMG 20960   H
LMG 20961   H
LMG 19492T
LMG 20963   C
LMG 20958   H



































Fig. 8.2. Unrooted  phylogenetic  tree  derived  from the analysis  of  16S rDNA sequences of  11 mural painting  isolates  and related species 
belonging to the Gram-positive bacteria with low G + C content branch. For each isolate the number of base pairs of the analysed sequence is 

























Gracilibacillus dipsosauri  NCFB 3027T, X82436 
Gracilibacillus halotolerans  DSM 1805T, AF036922
Halobacillus halophilus  ATCC 35676T, X62174
Halobacillus trueperi  DSM 10404T, AJ310149 
Halobacillus litoralis  DSM 10405T, X94558 
Virgibacillus picturae 
Virgibacillus pantothenticus  IAM 11061T, D16275 
Virgibacillus proomii  LMG 12370T, AJ012667 
Salibacillus salexigens  ATCC 700290T, Y11603 
Salibacillus marismortui  DSM 12325T, AJ009793
Bacillus sp. 2-9-3, AF166093 
Virgibacillus carmonensis 
Virgibacillus necropolis
Bacillus licheniformis  DSM 13T, X68416
Bacillus subtilis  NCDO 1769T, X60646 
Bacillus cereus NCDO 1771T, X55060
Bacillus cohnii  DSM 6307T, X76437
Bacillus megaterium  DSM 32T, X60629
LMG 20961, AJ316299, 491 bp 
LMG 20958, AJ316296, 491 bp
LMG 20963, AJ316301, 491 bp
LMG 20960, AJ316298, 497 bp
LMG 20962, AJ316300, 497 bp
LMG 19492T, AJ315060, 1516 bp
LMG 20959, AJ316297, 1517 bp 
LMG 19416, AJ276808, 1516 bp
5% divergence 
LMG 20966, AJ316303, 492 bp
LMG 20964T, AJ316302, 1518 bp





8.3.3. DNA-DNA relatedness  
 
On the basis of rep-PCR fingerprinting and 16S rDNA sequencing, four 
strains were selected for DNA-DNA hybridisation studies (Table 8.2): LMG 
20964T (representative for V. carmonensis), LMG 19488T (V. necropolis), 
LMG 19492T (representative for V. picturae) and LMG 19416 (most dissimilar 
strain of V. picturae). The mean percentage DNA-DNA relatedness between 
LMG 20964T and LMG 19488T was 39.4 %, herewith distinguishing V. 
necropolis from V. carmonensis as a separate genospecies. The mean 
percentage DNA-DNA relatedness between LMG 19492T and LMG 19416 
was 78.9 %, this assigns the strains of V. picturae to a single species. All 
other hybridisation percentages between the different strains were low (< 10 
%), which corresponds with the low 16S rDNA sequence similarities found.  
DNA-DNA hybridisation study, together with rep-PCR fingerprinting and 
16S rDNA sequence analysis, clearly demonstrated that the thirteen novel 
isolates genotypically represent three novel taxa: V. carmonensis represented 
by four strains including LMG 20964T, V. necropolis represented by LMG 
19488T and V. picturae represented by eight strains including LMG 19492T. 
These taxa form a monophyletic group together with the genera Virgibacillus 
and Salibacillus. These results favour the assignment of all species to a single 
genus. Wainø et al. (1999) compared V. pantothenticus and S. salexigens, 
the only described species at that time, and decided that the chemotaxonomic 
and phenotypic data were sufficiently different to assign these species to 
different genera. Later, Arahal et al. (2000) reclassified Bacillus marismortui 
as S. marismortui and distinguished the genus Salibacillus from Virgibacillus 
on the basis of G + C content, salt tolerance and other characteristics. Below 
we compare the data available for the four existing Virgibacillus and 
Salibacillus species with those for the three novel taxa, and evaluate the 









Table 8.2. G + C content (mol %) and DNA-DNA relatedness (%) of representative 
strains of the mural painting isolates   
 
% DNA-DNA relatedness with Taxon % GC 
LMG 20964 LMG 19488 LMG 19492 LMG 19416 
LMG 20964T 38.9 100 39.0 4.4 5.6 
LMG 19488T 37.3 39.7 100 5.1 5.7 
LMG 19492T 39.5 8.6 9.9 100 72.3 
LMG 19416 40.0 8.7 6.3 85.6 100 
 
 
8.3.4. DNA base composition 
 
When the G + C contents of the new isolates (Table 8.2) are compared 
with data in the literature for type strains of V. pantotheniticus (36.9 mol%; 
Fahmy et al., 1985, and 38.3 mol%; Heyndrickx et al., 1998), V. proomii (37.0 
mol%; Heyndrickx et al., 1999), S. salexigens (39.5 mol%; Garabito et al., 
1997) and S. marismortui (40.7 mol%; Arahal et al., 1999), one can conclude 
that the mol % G + C range for these taxa is below 5 %. Furthermore, if other 
strains are included there is even a clear overlap between Virgibacillus and 
Salibacillus since Garabito et al. (1997) record a G + C content range of 36.3 
to 39.5 mol % for different S. salexigens strains. The argument of Arahal et al. 
(2000) that the G + C content discriminates Virgibacillus and Salibacillus is 
therefore overruled. Representatives of the new species proposed here all fit 
well (% G + C from 37.5-40.0; Table 8.2) within the mol % G + C range of 
Virgibacillus and Salibacillus.  
 
8.3.5. Chemotaxonomic characteristics 
 
On the basis of fatty acid analysis, the three novel species can only be 
distinguished from each other on the basis of their percentages of the major 
fatty acid, anteiso-C15:0, with average percentages of 65.5, 71.5 and 59.0 % 
for V. carmonensis, V. necropolis and V. picturae, respectively (Table 8.3). V. 
picturae can be further distinguished from the other two taxa by higher 





C16:1 ω7c alcohol than the other two species. Further, the taxa can be 
distinguished from the Virgibacillus and Salibacillus species studied with fatty 
acid analysis (Heyndrickx et al., 1999; Wainø et al., 1999), by lower amounts 
of iso-C15:0. However, it must be emphasised that while fatty acid analysis 
may be helpful in a polyphasic approach, it is not reliable on its own for 
identification of most taxa in the Bacillus sensu lato group (Kämpfer, 1994). 
Wainø et al. (1999) studied the polar lipid pattern of V. pantothenticus 
DSM 26T and S. salexigens DSM 11483T and found that both species contain 
major amounts of diphosphatidyl glycerol and phosphatidyl glycerol. The 
major differences in their polar lipid profiles are the presence of moderate 
amounts of phosphatidyl ethanolamine and an unknown glycolipid in V. 
pantothenticus DSM 26T and the presence of moderate amounts of two 
phospholipids of unknown structure in S. salexigens DMS 11483T. The results 
of our polar lipid analyses of V. pantothenticus LMG 7129T and S. salexigens 
LMG 21520T were in good agreement with those reported by Wainø et al. 
(1999). The major difference observed in the polar lipid profiles was the lack 
of a glycolipid in V. pantothenticus LMG 7129T. This might be explained by the 
experimental differences. While we used α-naphthol for detection of 
glycolipids Wainø et al. (1999) employed anisaldehyde-sulfuric acids and the 
glycolipid might not be detectable with α-naphthol.   However, when the polar 
lipid patterns of all type strains of the genera Virgibacillus and Salibacillus, 
and the most dissimilar strains of V. proomii (LMG 17369) and V. picturae 
(LMG 19416) are analysed and compared (Table 8.4), the above described 
differences can be attributed to variation between species but not between 
genera. For example, phosphatidyl ethanolamine, absent in V. picturae and V. 
carmonensis and only visible as traces after ninhydrin treatment in the 
patterns of S. salexigens LMG 21520T and V. necropolis LMG 19488T, was 
present in moderate amounts in the pattern of V. pantothenticus LMG 7129T  
and S. marismortui LMG 18992T, and in minor amounts in the pattern of V. 
proomii. The unknown polar lipid L2 was present in minor amounts in V. 
proomii, S. salexigens LMG 21520T and V. picturae, but absent in V. 
pantothenticus LMG 7129T, S. marismortui LMG 18992T, V. carmonensis 
LMG 20964T and V. necropolis LMG 19488T. These results indicate that in this 




phylogenetic lineage polar lipid profiles may be considered as to be species-
specific or strain-specific. Strains of V. proomii displayed identical profiles 
whereas each of the two strains of V. picturae displayed distinct profiles 
(Table 8.4). Species-specific polar lipid profiles were also reported recently for 
members of the genus Sphingomonas (Busse et al., 1999). Presence of 
diphosphatidyl glycerol and phosphatidyl glycerol as major polar lipids are 
common characteristics of the species investigated in this study but they are 
not useful for differentiation from closely related genera including Halobacillus 
and Gracilibacillus which were reported to share these characteristics. For 
evaluation of importance of polar lipid profiles for genus discrimination more 
species of related bacilli have to be analysed. 
All strains were characterised by a quinone system with the predominant 
compound MK-7 (Table 8.4). Minor compounds were MK-6 and MK-8. These 




Table 8.3. Comparison of the mean fatty acid profiles of the three new taxa as 
measured by gas chromatography of FAMEs 
The data given are mean values with the standard deviation given below if applicable. Only 
the fatty acids accounting for at least 1.0 % of the total fatty acid content are listed. 
 
Fatty acid iso- iso- anteiso- C16:1   iso- C16:1  C16:0 summed anteiso- 





















          
V. necropolis* 2.95 4.18 71.50 2.45 3.63 1.09 1.30 1.59 9.33 


















* Virgibacillus carmonensis contains LMG 20964T and LMG 20966 to LMG 20968; V. 
necropolis contains LMG 19488T; V. picturae contains LMG 19492T, LMG 19416 and LMG 
20959 to LMG 20963. 







Table 8.4. Polar lipid patterns and relative menaquinone content (%) of the three 
novel taxa, the type strains of the species in Virgibacillus and Salibacillus, and the 
most dissimilar strain of V. proomii (LMG 17369) and V. picturae (LMG 19416) 
V. pan: V. pantothenticus, V. pro: V. proomii, S. sal: S. salexigens, S. mar: S. marismortui, V. 
car: V. carmonensis, V. nec: V. necropolis, V. pic: V. picturae. 
+++, predominant amounts ; ++, moderate amounts ; +, minor amounts ; tr, traces. 
DPG, diphosphatidylglycerol ; PG, phosphatidylglycerol ; PE, phoshatidylethanolamine ; PL 1-
8, unknown phospholipids ; APL 1-2, unknown aminophosholipids ; L 1-2, unknown polar 
lipids. 
 V. pan V. pro S. sal S. mar V. car V. nec V. pic 
LMG n° 7129T 12370T 17369 21520T 18992T 20964T 19488T 19492T 19416 
Polar lipids 
       DPG 
       PG 
       PE 
       PL1 
       PL2 
       PL3 
       PL4 
       PL5 
       PL6 
       PL7 
       PL8 
       APL1 
       APL2 
       L1 

















































































































































          
Menaquinon
       MK-6 
       MK-7 






































* trace amounts only visible after ninhydrin treatment. 
 
 
8.3.6. Phenotypic characterisation 
 
One of the characteristics distinguishing between the genera 
Virgibacillus and Salibacillus is that strains attributed to the latter are not able 
to grow on media without added salt. Therefore, the salt-tolerance of the 
thirteen novel isolates was tested, together with the type strains of the known 
Virgibacillus and Salibacillus species. The results demonstrate that while 
strains may differ in their abilities to grow without added salt, they have similar 
salt concentrations for optimal growth. V. pantothenticus LMG 7129T, V. 




proomii LMG 12370T, V. necropolis and V. picturae all grow weakly in 
trypticase soy broth without added salt, while S. salexigens LMG 21520T, S. 
marismortui LMG 18992T and V. carmonensis do not grow without added salt. 
For all strains, growth is optimal at salt concentrations of 5 to 10 %. In addition 
to growth without salt, some phenotypical traits that distinguish V. 
pantothenticus and V. proomii from S. salexigens and S. marismortui (Wainø 
et al., 1999; Arahal et al., 2000) remain, e.g. anaerobic growth, hydrogen 
sulphide production (though for the type strain of V. pantothenticus a weak 
reaction was recorded by Heyndrickx et al., 1999), acid production from D-
trehalose, galactose (though contradicting results were obtained in this study) 
and D-xylose (though no data are available for V. proomii), and hydrolysis of 
starch and Tween 80 (though no data are available for V. proomii).  Certain of 
these characteristics were also tested for the three novel taxa (Table 8.5) and 
for some they show reactions that would attribute them to Virgibacillus, for 
others to Salibacillus. Overall, these phenotypic traits are not convincing 
enough to maintain two separate genera and combined with the genotypic 
and chemotaxonomic analyses, discussed above, the unification of both 
genera can be justified.  Additional characteristics of the three novel taxa and 
the other species of the genus Virgibacillus and species of the genus 
Salibacillus are given in Table 5 and in the descriptions below. In the API 
50CH tests, the wall painting isolates gave very weak reactions, even after 
protracted incubation, and only the strains allocated to V. picturae showed 
profiles that were largely consistent and potentially useful diagnostically 
(Table 8.5); strains of V. carmonensis, and the strain of V. necropolis were 
essentially unreactive in this kit. All of the wall-painting isolates grew in the 
API Biotype 100 tests, but they showed inconsistent results, and this kit could 
not be used for taxonomic or diagnostic purposes. Strains of V. carmonensis 
and V. necropolis did not grow on 5 % horse blood agar supplemented with 7 











Table 8.5. Characteristics of the species in the genera Virgibacillus and Salibacillus, 
and of the three novel species isolated from mural paintings 
 











Pigmentation - - - - pink - - 
Chains of cells + + + + - + - 
        
Sporangia* 
 Spore shape 






















        
Anaerobic growth + + - - - - - 
Temperature range 15-50 15-50 15-45 15-50 10-40 10-40 5-40 
        
NaCl-range† 
 0.5 % 






















        
Gelatin hydrolysis‡ + v + + - [w] v 
Casein hydrolysis + + + + + + +/w 
Aesculin hydrolysis‡ + + + + [w] - w 
H2S production (-) - + + - - - 
        

















 D-turanose   
























































































































































































































        










If not indicated otherwise, data are from Proom and Knight (1950) or Heyndrickx et al. (1998) 
for V. pantothenticus, from Heyndrickx et al. (1999) for V. proomii, from Garabito et al. (1997) 
for S. salexigens and from Arahal et al. (1999) for S. marismortui. 




(Legend of Table 8.5, continued) All species are motile, produce spores in swollen 
sporangia, test positive for catalase and growth with 5 and 10 % NaCl, and do not grow on D-
arabinose, D-fructose and D-xylose. 
+, > 85 % positive; (+), 75-84 % positive; v, variable (26-74 % positive); (-), 16-25 % positive; -
, 0-15 % positive; ‘+’ is substituted by ‘+/w’ for a weak or moderately positive reaction, by ‘w’ 
for a weak positive reaction or by ‘[w]’ for a very weak positive reaction. 
* Spore shape: E, ellipsoidal; S, spherical. Spore position: T, terminal; S, subterminal; C, 
central. 
† The NaCl-range and ability to grow on different carbon sources given for V. pantothenticus, 
V. proomii, S. salexigens and S. marismortui were determined in this study for the respective 
type strains LMG 7129T, LMG 12370T, LMG 21520T and LMG 18992T. For S. salexigens and 
S. marismortui, the acid production from different carbon sources and aesculin hydrolysis, 
were also determined in this study for the respective type strains. 
‡ Gelatin hydrolysis, aesculin hydrolysis and acid production from different carbon sources 
were determined using test in the API 20E and 50CH systems. The species V. carmonensis, 
V. necropolis and V. picturae were tested in API using suspension media supplemented with 





On the basis of the genotypic and phenotypic data discussed in this 
paper, it is proposed that Virgibacillus and Salibacillus be combined in a 
single genus.  Following the nomenclature rules of the Bacteriological Code 
(Lapage et al., 1992), the validly published species in Salibacillus should thus 
be transferred to Virgibacillus as V. salexigens comb. nov. and V. marismortui 
comb. nov. In addition, three novel Virgibacillus species are described, all 
originating from damaged mural paintings: V. carmonensis sp. nov., V. 
necropolis sp. nov. and V. picturae sp. nov. The description of V. necropolis is 
based on data obtained for a single strain, LMG 19488T. We acknowledge 
that this is not ideal and that a better understanding of the diversity of this 









8.4. Description of Virgibacillus carmonensis sp. nov.  
 
Virgibacillus carmonensis (car.mo.nen’sis. N.L. adj. carmonensis of Carmona, 
referring to the mural paintings of the necropolis at Carmona, Spain, from 
where the strains were isolated). 
 
Cells are motile, Gram-positive rods (0.5-0.7 by 2-7 µm), which mostly 
occur singly, sometimes in pairs and short chains. They bear ellipsoidal, 
sometimes nearly spherical, endospores that lie in subterminal positions in 
swollen sporangia (Fig. 8.3). After 24 h on MA, colonies are 0.5-1.0 mm in 
diameter, low convex, circular with slightly irregular margins, smooth, 
transparent with the larger colonies having a pink tint. After 2 d the colonies 
turn bright pink and opaque. Organisms do not grow in an anaerobic chamber 
at 37 °C and are catalase-positive. The temperature range for growth is 10 to 
40 °C with optimal growth between 25-30 °C. No growth without added salt 
and optimal growth at NaCl-concentrations of 5 and 10 %. In the API 20E kit, 
strains gave positive results for nitrate reduction, and negative results for o-
nitrophenyl-β-D-galactosidase, arginine dihydrolase, lysine decarboxylase, 
ornithine decarboxylase, citrate utilisation, hydrogen sulphide production, 
urease, tryptophan deaminase, indole, Voges-Proskauer and gelatinase. 
Casein hydrolysis positive. No haemolysis on 5 % horse blood agar and no 
growth on this medium when supplemented with 7 % NaCl. With the exception 
of very weak reactions in aesculin hydrolysis and acid production from 5-keto-
D-gluconate, strains are unreactive in the API 50CHB gallery, even when the 
CHB suspension medium was supplemented with 7 % NaCl. The following 
sugars can be used as sole carbon sources: cellobiose (weak growth), D-
melibiose, raffinose, sucrose and D-trehalose. No growth on D-arabinose, D-
fructose, D-glucose, DL-lactose and D-xylose. The major cellular fatty acid is 
anteiso-C15:0, present at a level of about 65 % of the total fatty acids, while 
anteiso-C17:0 accounts for about 10 % of the total fatty acids. The following 
fatty acids are present to at least 1 %: iso-C14:0, iso-C15:0, C16:1 ω7c alc., iso-
C16:0 and summed feature iso-C17:1/anteiso-C17:1. The polar lipid pattern of the 
type strain, strain LMG 20964T (= DSM 14868T), contains predominant 




amounts of diphosphatidyl glycerol and phosphatidyl glycerol, minor amounts 
of three phosholipids and one polar lipid of unknown structure, and trace 
amounts of two additional unknown phosholipids. The main menaquinone 
type is MK-7. The G + C content is 38.9 mol % for the type strain and the 16S 
rDNA sequence of this strain is deposited at EMBL under accession number 
AJ316302. 
 
 Fig. 8.3. Photomicrograph of sporangia and 
vegetative cells of the type strain of Virgibacillus 
carmonensis (LMG 20964T) viewed by phase 
contrast microscopy; sporangia are swollen with 
subterminal, ellipsoidal and spherical spores. Bar 
represents 2 µm. 
 
 Fig. 8.4.  Photomicrograph of sporangia and 
vegetative cells of the type strain of V. necropolis 
(LMG 19488T); rods and coccoid rods form 
sporangia which are swollen with ellipsoidal 





8.5. Description of Virgibacillus necropolis  sp. nov.  
 
Virgibacillus necropolis (ne.cro’po.lis. L. adj. necropolis, of the necropolis, 
referring to the mural paintings of the necropolis of Carmona, Spain, from 
where the strain was isolated). 
 
Cells are motile, Gram-positive rods (0.5-0.7 by 2-5 µm), and coccoid 
rods, which occur singly, in pairs or short chains (with the different cells 
positioned at an angle). They bear ellipsoidal endospores that lie in terminal 
or subterminal positions, or centrally in coccoid cells, in swollen sporangia 





circular with entire margins, smooth, cream-coloured and slightly transparent 
(opaque after 2 d growth). Organisms do not grow in an anaerobic chamber at 
37 °C and are catalase-positive. The temperature range for growth is 10 to 40 
°C with optimal growth between 25-35 °C. Weak growth without added salt 
and optimal growth at NaCl-concentrations of 5 and 10 %. In the API 20E kit, 
it gave a positive result for nitrate reduction, a very weak reaction for 
gelatinase, and negative results for o-nitrophenyl-ß-D-galactosidase, arginine 
dihydrolase, lysine decarboxylase, ornithine decarboxylase, citrate utilisation, 
hydrogen sulphide production, urease, tryptophan deaminase, indole and 
Voges-Proskauer. Casein hydrolysis positive. Partial haemolysis on 5 % horse 
blood agar, but no growth on this medium when supplemented with 7 % NaCl. 
Generally unreactive in the API 50CHB gallery, using CHB suspension 
medium supplemented with 7 % NaCl, but very weak reactions which did not 
qualify as positive results were seen in the following tests: glycerol, ribose, D-
glucose, D-fructose, D-mannose, N-acetylglucosamine, D-trehalose, D-
tagatose and 5-keto-D-gluconate. The following sugars can be used as sole 
carbon sources: cellobiose, D-glucose, DL-lactose (weak growth), D-
melibiose, raffinose, sucrose, D-trehalose. No growth on D-arabinose, D-
fructose and D-xylose. The major cellular fatty acid is anteiso-C15:0, present at 
a level of about 72 % of the total fatty acids, while anteiso-C17:0 accounts for 
about 10 % of the total fatty acids. The following fatty acids are present to at 
least 1 %: iso-C14:0, iso-C15:0, C16:1 ω7c alc., iso-C16:0 and summed feature iso-
C17:1/anteiso-C17:1. The polar lipid pattern contains predominant amounts of 
diphosphatidyl glycerol and phosphatidyl glycerol, minor amounts of two 
phospholipids and one polar lipid of unknown structure, traces of three 
additional unknown phospholipids, and traces of phosphatidyl ethanolamine. 
The main menaquinone type is MK-7. The G + C content is 37.3 mol % for the 
type strain, strain LMG 19488T (= DSM 14866T); the 16S rRNA sequence of 









8.6. Description of Virgibacillus picturae sp. nov.  
 
Virgibacillus picturae [pic.tu’rae. L. gen. n. picturae, pertaining or belonging to 
painting(s)] 
 
Cells are motile, Gram-positive rods (0.5-0.7 by 2-6 µm), which occur 
singly or in pairs. They bear ellipsoidal, sometimes nearly spherical, 
endospores that lie in terminal positions in swollen sporangia (Fig. 8.5). After 
24 h on MA colonies are 0.5-1 mm in diameter, low convex, circular or spread 
out with entire margins, smooth, cream-coloured and slightly transparent at 
the edges (opaque after 2 d growth). Organisms do not grow in an anaerobic 
chamber at 37 °C and are catalase-positive. The temperature range for 
growth is 5 to 40 °C with optimal growth between 25-35 °C. Weak growth 
without added salt and optimal growth at NaCl-concentrations of 5 and 10 %. 
In the API 20E kit, strains gave positive results for o-nitrophenyl-ß-D-
galactosidase, and nitrate reduction, very weak or negative reaction for 
gelatinase, and negative results for arginine dihydrolase, lysine 
decarboxylase, ornithine decarboxylase, citrate utilisation, hydrogen sulphide 
production, urease, tryptophan deaminase, indole and Voges-Proskauer. 
Casein hydrolysis weak positive. Partial haemolysis on 5 % horse blood agar 
and on this medium supplemented with 7 % NaCl, and faster growth on the 
latter medium. In the API 50CHB gallery, using CHB suspension medium 
supplemented with 7 % NaCl, strains gave weak positive (sometimes 
moderately positive) results for aesculin hydrolysis, and for acid production 
from N-acetylglucosamine, galactose, D-glucose, D-fructose, glycerol, D-
mannose, mannitol and D-melibiose. Weak acid production varied between 
strains for the following substrates: D-cellobiose, maltose, lactose, D-
trehalose, starch, glycogen, xylitol, gentiobiose and turanose. Growth on 
different sugars as sole carbon source only resulted in weak positive results: 
raffinose can be used as sole carbon source by all strains; DL-lactose, D-
melibiose and D-trehalose can usually be used as sole carbon sources; use of 
sucrose varies between strains; D-glucose is not usually used as a sole 





used. The major cellular fatty acid is anteiso-C15:0, present at a level of about 
60 % of the total fatty acids, while anteiso-C17:0 and iso-C14:0 account for about 
12 and 11 % of the total fatty acids, respectively. The following fatty acids are 
present to at least 1 %: iso-C15:0, C16:1 ω7c alc., iso-C16:0 and summed feature 
iso-C17:1/anteiso-C17:1. The polar lipid pattern, determined for the type strain 
LMG 19492T (= DSM 14867T) and the most dissimilar strain LMG 19416, 
contains predominant amounts of diphosphatidyl glycerol, moderate amounts 
of phosphatidyl glycerol, trace to moderate amounts of five phospholipids of 
unknown stucture, and minor amounts of two unknown polar lipids. Presence 
of three other phospholipids is variable. The main menaquinone type is MK-7. 
The G + C content is 39.5 mol % for the type strain; the 16S rRNA sequence 
of this strain is deposited at EMBL under accession number AJ315060. In the 
variable characters listed above, the type strain scores positive for growth on 
D-glucose as sole carbon source and negative for growth on D-melibiose and 
sucrose; negative for gelatinase in the API 20E kit, and negative for acid 
production from D-cellobiose, lactose, D-trehalose, starch, glycogen, xylitol, 
gentiobiose and turanose. 
 
 Fig. 8.5. Photomicrograph of sporangia and 
vegetative cells of the type strain of V. picturae 
(LMG 19492T); sporangia are swollen by 
terminal, ellipsoidal and nearly spherical spores. 





8.7. Description of Virgibacillus salexigens (Heyrman, Logan, Busse, 
Balcaen, Lebbe, Rodriguez-Diaz, Swings and De Vos) comb. nov. 
[basonym Bacillus salexigens (Garabito et al., 1997) and Salibacillus 
salexigens (Wainø et al., 1999)] 
 
The original description of Virgibacillus salexigens comb. nov. was given 
by Garabito et al. (1997) and was emended by Wainø et al. (1999). The type 








8.8. Description of Virgibacillus marismortui (Heyrman, Logan, Busse, 
Balcaen, Lebbe, Rodriguez-Diaz, Swings and De Vos) comb. nov. 
[basonym Bacillus marismortui (Arahal et al., 1999) and Salibacillus 
marismortui (Arahal et al., 2000)] 
 
The description of Virgibacillus marismortui comb. nov. is identical to that 
given by Arahal et al. (1999). The type strain is strain 123T (= DSM 12325T = 
ATCC 700626T = CIP 105609T = CECT 5066T = LMG 18992T). Additional 
chemical characters found in this study are as follows. In the polar lipid profile, 
diphosphatidyl glycerol is the predominant compound. Phosphatidyl glycerol 
and phosphatidyl ethanolamine are present in moderate amounts and five 
phospholipids, one aminophospholipid and one polar lipid of unknown 
structure are present in minor amounts or traces. The main menaquinone type 
is MK-7.  
 
 
8.9. Emended description of the genus Virgibacillus Heyndrickx, Lebbe, 
Kersters, De Vos, Forsyth and Logan 1998 
 
Virgibacillus (Vir.gi.ba.cil’lus. L. n. virga a green twig, transf., a branch in a 
family tree; L. dim. n. bacillus from Bacillus, a genus of aerobic endospore-
forming bacteria; Virgibacillus a branch of the genus Bacillus). 
 
Cells are motile, Gram-positive rods (0.3-0.7 by 2-6 µm) that occur 
singly, in pairs or short chains or filaments. They bear oval to ellipsoidal 





convex and slightly transparent to opaque. Members of the genus are 
catalase positive. In the API 20E strip and in conventional tests the Voges-
Proskauer reaction is negative, indole is not produced, citrate is usually not 
used, nitrate reduction to nitrite is variable. Urease and hydrogen sulphide are 
usually not produced. Gelatine, aesculin and casein are usually hydrolysed. 
Growth is stimulated by 4 to 10 % NaCl. Growth may occur between 5 and 50 
°C, with an optimum of about 28 or 37 °C. D- raffinose and D-melibiose can 
be used as sole carbon source, no growth on D-arabinose, D-fructose and D-
xylose. The different members of the genus show a wide range of activities in 
routine phenotypic tests, and this may reflect undiscovered requirements for 
growth factors and/or special environmental conditions. The major fatty acid is 
anteiso-C15:0. The major polar lipids are diphosphatidyl glycerol and 
phoshatidylglycerol. Five phosholipids and one polar lipid of unknown 
structure are present in all species of the genus. Presence of phosphatidyl 
ethanolamine and other lipids is variable. The main menaquinone type is MK-
7, with minor to trace amounts of MK-6 and MK-8. Of the species tested, the 
cell wall contains peptidoglycan of the meso-diaminopimelic acid type (Claus 
and Berkeley, 1986; Arahal et al., 1999). The G + C content is in the range of 
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CHAPTER NINE 
 
Bacillus decolorationis sp. nov., a new species isolated from 
biodeteriorated parts of the mural paintings at the Servilia 
tomb (Roman necropolis of Carmona, Spain) and the Saint-
Catherine chapel (castle Herberstein, Austria) 
 
Jeroen Heyrman, An Balcaen, Marina Rodriguez-Diaz, Niall A. Logan,  
Jean Swings and  Paul De Vos 
 
International Journal of Systematic and Evolutionary Microbiology,         
Papers in Press, http://dx.doi.org/10.1099/ijs.0.02452-0 
 
Microbial growths causing discolouration on the Roman wall paintings of the 
Servilia tomb at the necropolis of Carmona (Spain) and the medieval wall 
paintings of the Saint-Catherine chapel at castle Herberstein (Austria), were 
investigated and from four different samples a group of ten strains with similar 
characteristics was isolated. The isolates were characterised in a polyphasic 
taxonomic study, including 16S rDNA sequence analysis, (GTG)5-PCR, DNA-
DNA hybridisation, DNA base ratio, fatty acid analysis and morphological and 
biochemical characterisation. The obtained data attribute the isolates to a new 
species of the genus Bacillus, for which the name Bacillus decolorationis sp. 





It is well acknowledged that mural paintings are colonised by 
microorganisms and can be severely damaged by such growths (Ciferri, 
1999). In cultivation studies of deteriorated mural and rock paintings, bacterial 
isolates have frequently been attributed to the genus Bacillus (Weirich, 1988; 
Karpovich-Tate and Rebrikova, 1990; Gonzalez et al., 1999; Heyrman et al., 
1999; Saiz-Jimenez and Laiz, 2000). Other studies that include DNA based 
techniques to characterise the bacterial community involved in 





comprise so far unknown species (Altenburger et al., 1996; Rölleke et al., 
1996; Gurtner et al., 2000; Heyrman and Swings, 2001). In this paper, we 
report on the characterisation of a group of ten strains isolated from different 
damaged parts of two mural painting sites, the Servilia tomb of the Roman 
necropolis at Carmona (Spain) and the Saint-Catherine chapel of castle 
Herberstein (Austria). The strains are attributed to a new species in the genus 
Bacillus, namely Bacillus decolorationis.   
 
 
9.2. Materials and methods 
 
9.2.1. Strains, cultural conditions and fatty acid analyisis 
 
Strain designations and their origin are listed in Table 9.1. Isolation 
procedure and analysis of fatty acids were performed as described by 
Heyrman et al. (1999). Isolates were grown on Trypticase Soy (BBL) Agar 
(TSA) at 28 °C for cell morphology and spore formation. Temperature range 
was tested on the same medium.  
 
Table 9.1. Strains used in this study and the corresponding sampling points  
Collection n°(s) Sample* Observed damage 




















black discolouration, chancel vault 
idem 
pinkish biofilm, nave’s east wall 






green biofilm, chamber annex to main tomb  
 
* The origin of the samples is denoted with C for the Servilia tomb of the Roman necropolis at 
Carmona (Seville, Spain) or H for the Saint-Catherine chapel of the castle at Herberstein 
(Styria, Austria) and a number for the different sampling points.   
 
 




9.2.2. Genotypic methods 
 
Purification of total genomic DNA for 16S rDNA sequencing and rep-
PCR genomic fingerprinting was performed as described by Heyndrickx et al. 
(1996). For determination of the G + C content and DNA-DNA hybridisation 
approximately 1 gram of biomass was harvested from agar plates and DNA 
was purified as in Logan et al. (2000). Rep-PCR genomic fingerprinting was 
performed with the (GTG)5-primer (Versalovic et al., 1994) applying the PCR-
conditions as described by Rademaker and de Bruijn (1997). The resulting 
band patterns were digitalised and grouped using a Pearson correlation with 
the BioNumerics 2.0 Software (Applied Maths, Sint-Martens-Latem, Belgium). 
Sequence analysis was performed as previously described by Heyrman and 
Swings (2001). The G + C content of DNA was determined by high-
performance liquid chromatography (Mesbah et al., 1989) using further 
specifications given by Logan et al. (2000). DNA-DNA hybridisation was 
performed using a modification of the microplate method described by Ezaki 
et al. (1989), as described by Willems et al. (2001). A hybridisation 
temperature of 37 °C was used.  
 
9.2.3. Phenotypic methods 
 
Phenotypic characterisation using the API 20E and 50CHB systems, and 
the API Biotype 100 system, followed the methods of Logan and Berkeley 
(1984) and Heyndrickx et al. (1997), respectively. Suspension media for API 
20E and API 50CH were supplemented with 7 % NaCl. Skim milk agar, used 
when testing for casein hydrolysis was not supplemented with 7 % NaCl. 
 
 
9.3. Results and discussion 
 
The ten isolates form a distinct group in a larger UPGMA clustering of 
the Canberra metric coefficients calculated between the fatty acid profiles of 





(Heyrman et al., 1999). The cut-off level of the group was at 85 % Canberra 
metric similarity. The mean values of the fatty acids of all ten strains are given 
as percentage of total fatty acid content (the fatty acids representing less then 
1 % of the total amount are omitted, and standard deviations are mentioned in 
parentheses): iso-C14:0, 2.95 (0.52); C14:0, 1.17 (0.24); iso-C15:0, 2.71 (1.05); 
anteiso-C15:0, 67.67 (3.70); C16:1 ω7c alcohol, 1.09 (0.29); iso-C16:0, 4.53 
(0.48); summed feature C16:1 ω7c  / iso-C15:0 2OH, 1.45 (0.17); C16:0, 1.92 
(1.40); anteisoA-C17:1, 3.74 (1.08); anteiso-C17:0, 10.70 (2.87). All fatty acids 
occur in all strains. The individual profiles were compared with the TSBA4.0 
database using the Microbial Identification System (Microbial ID, Newark, DE, 
USA) and most closely resembled Micrococcus varians and Arthrobacter 
protophormiae / ramosus profiles, though with low average, and thus not 
taxonomically relevant, similarities of 0.28 and 0.26, respectively. Cell 
morphology studies contradicted a close relationship between the mural 
isolates and these taxa.  
 
The rep-PCR fingerprinting of the isolates allowed determination of their 
genotypic diversity. Studies that compare rep-PCR genomic fingerprint 
analysis with DNA-DNA relatedness studies showed that both techniques 
yield results that are in close agreement (Nick et al., 1999; Rademaker et al., 
2000). Therefore, these studies suggest that rep-PCR fingerprinting can be 
used as a genomic screening method to differentiate at the species level and 
to select representatives for DNA-DNA reassociation experiments. The 
(GTG)5-PCR patterns revealed two clusters based on Pearson correlation 
comprising eight and two isolates, respectively (Fig. 9.1). Within the clusters, 
the (GTG)5-patterns are nearly identical and it can be stated that the isolates 
of the same clusters are genotypically closely related and most probably 
belong to the same species. Remarkably, the clustering does not correspond 
to geographical divergence of the isolates. Indeed, isolates from different 
mural painting sites or samples are found to have identical (GTG)5-patterns 
while also isolates from the same sample are attributed to the different 
(GTG)5-groups. Per (GTG)5 cluster, one strain (LMG 19507T and LMG 21001) 
was selected for 16S rDNA sequencing and DNA-DNA hybridisation.  





Fig. 9.1. Grouping of normalised (GTG)5-PCR patterns, based on an UPGMA 
clustering of Pearson correlation similarity coefficients, of ten strains isolated from 
damaged mural paintings (samples are denoted as C for Carmona, H for 
Herberstein, with a number indicating the sampling point). 
 
 
Nearly the complete 16S rDNA gene of strain LMG 19507T, representing 
the largest (GTG)5-cluster, was determined (1503 base pairs without primers, 
EMBL accession n° AJ315075). For strain LMG 21001 only the first part of the 
5’ end region of the gene, hypervariant for the genus Bacillus (Goto et al., 
2000), was sequenced (467 bp, AJ316304). Both sequences show 99.9 % 
similarity in the most variable part of the gene (they only differ in one base, 
that is a T in the sequence of LMG 19507T and C or T in the sequence of 
LMG 21001). A FASTA search (Pearson, 1990) indicated that the highest 
similarity for the LMG 19507T sequence is 95.4 % (with Bacillus pseudofirmus 
DSM 8715T, EMBL accession no. X76439) and sequence similarity with other 
species of the genus Bacillus was below 95 %. Although the 16S rDNA 
sequence similarities were fairly low, LMG 19507T and LMG 21001 clustered 
tightly within the genus Bacillus (Fig. 9.2). These observations support a 
separate species rank for the isolates in this genus.  
 
Since sequence similarities versus entries in the EMBL database were 
well below 97 %, the level below which strains are attributed to separate taxa 
(Stackebrandt and Goebel, 1994), DNA-DNA relatedness needed to be 
verified only between the representatives of each (GTG)5-cluster. The 
















R-5650          H7 
R-5523          C2 
LMG 19507T H2 
R-5454        C2 
LMG 21001 C2 
R-5497 C3 





revealed DNA-DNA relatedness of 87.6 and 82.6 % reciprocal values 
between LMG 19507T and LMG 21001 assigns the two strains and thus the 
two rep-clusters to a single species.  The G + C content of LMG 19507T and 






Fig. 9.2. Phylogenetic position based on neighbour joining of the type strain of Bacillus 
decolorationis LMG 19507T among closely related Bacillus species, Bacillus subtilis and the 
type species of related genera. Bootstrap values (expressed as percentages of 1000 
replications) of 70 % or more are shown at branch points. Accession numbers of the 16S 


































































Table 9.2. Some characters for distinguishing Bacillus decolorationis from related 
Bacillus species. 
…………………………….. 
Data for B. decolorationis are obtained from this study and for all other Bacillus species given 
in the Table from Nielsen et al. (1995). 
 +, ≥ 85 % positive; v, 16-84 % positive; -, ≤ 15 % positive; ND, not determined. 
Characteristic B. decolorationis B. halodurans     B. pseudalcalophilus 
  B. pseudofirmus B. alcalophilus   B. clausii
Sporangia* 
       Spore shape 
       Spore position 

























Temperature range 5-40 10-45 15-55 10-40 10-40 15-50 
NaCl-range 
     5 % 
     10 % 
     12 % 
















































































Nitrate reduction + - - - - + 




      N-acetylglucosamine 





































G + C content (mol%) 39.8-40.0 39.0-40.8 42.1-43.9 36.2-38.4 38.2-39.0 42.8-45.5 
 
* Spore shape: E, ellipsoidal; S, spherical. Spore position: T, terminal; S, subterminal; C, 
central. 
† Utilisation of substrates by B. decolorationis was indicated by acid production in the API 
50CH gallery. All species were positive for cellobiose, fructose, glucose, maltose, ribose, 







All of the isolates grew in the API Biotype 100 tests, but they showed 
inconsistent results, and this kit could not be used for taxonomic or diagnostic 
purposes. In the API 50CH tests, the wall-painting isolates gave weak 
reactions, even after protracted incubation. In the API 20E strip, with or 
without added salt, strains showed nitrate reduction; however, gelatin 
hydrolysis needed generous inocula for consistent results. Despite the 
inconclusive results in the API systems, discriminative characteristics were 
found that distinguish the mural painting isolates from the phylogenetically 
closest related Bacillus species, as determined by a FASTA search (Pearson, 
1994), as shown in Table 9.2. For example the isolates do not show growth at 
pH 8 and 9, whereas the closest related Bacillus species are all alkaliphilic 
(Nielsen et al., 1995), they give a positive reaction for nitrate reduction and 
are able to utilise 5-keto-D-gluconate. 
 
The genotypic and phenotypic data discussed above, attribute the mural 
painting isolates to a new species of the genus Bacillus, for which the name 
Bacillus decolorationis sp. nov. is proposed.  
 
 
9.4. Description of Bacillus decolorationis sp. nov. 
 
Bacillus decolorationis (de.co.lo.ra.ti’onis L. adj. decolorationis, of 
discoloration) 
 
Cells are motile rods and coccoid rods 0.5-0.8 µm wide and 1.0-4.0 µm 
long, occur singly, in pairs or short chains (Fig. 9.3) and show a variable Gram 
stain reaction. Spores are produced slowly and in small numbers in culture; 
they are ellipsoidal, sometimes nearly spherical, central to subterminal, and 
swell the sporangia slightly. Colonies on TSA are cream-coloured to beige, 
circular with a smooth to slightly irregular margin, low convex with a glistening 
and rough surface. No growth in an anaerobic chamber. Oxidase and 
catalase positive. The temperature range for growth is 5 to 40 °C with optimal 
growth between 25-37 °C.  The NaCl concentration for growth is 0-10 % (w/v),  




Fig. 9.3. Photomicrograph of 
sporangia and vegetative cells of 
the type strain of B. 
decolorationis (LMG 19507T); 
sporangia are slightly swollen by 
central to subterminal, ellipsoidal 
and sometimes nearly spherical 
spores. Bar represents 2 µm. 
 
with an optimum of 4-7 % (w/v). Casein hydrolysis is positive within 4 days 
incubation. In the API 20E strip, conversion of nitrates to nitrite and dinitrogen 
is positive and gelatin hydrolysis occurs with or without added salt but only 
with generous inocula. Reactions are negative for arginine dihydrolase, lysine 
decarboxylase, ornithine decarboxylase, citrate utilisation, hydrogen sulphide 
production, urease, tryptophan deaminase, indole production, and Voges-
Proskauer. O-nitrophenyl-β-D-galactopyranoside (ONPG) reaction is negative 
without added NaCl, and variable when supplemented with 7 % NaCl. Acid is 
produced weakly, and without gas, from the following carbohydrates in the 
API 50 CH gallery using the CHB suspension medium suplemented with 7 % 
NaCl: cellobiose, D-fructose, gentiobiose, D-glucose, 5-keto-D-gluconate, 
maltose, D-mannose, N-acetylglucosamine, ribose, salicin, sucrose and 
trehalose. Aesculin hydrolysis is positive with or without added NaCl. Results 
are variable amongst strains for: arbutin, galactose, glycerol, lactose and D-
mannitol. Acid is not produced from the following carbohydrates: adonitol, 
amygdalin, D- and L-arabinose, D- and L-arabitol, dulcitol, erythritol, D- and L-
fucose, gluconate, glycogen, meso-inositol, inulin, 2-keto-D-gluconate, D-
lyxose, melibiose, α-methyl-D-glucoside, α-methyl-D-mannoside, methyl-
xyloside, D-raffinose, rhamnose, sorbitol, L-sorbose, and D- and L-xylose, D-
melezitose, starch, D-tagatose, D-turanose and xylitol. The major fatty acid is 
anteiso-C15:0, present at a level of about 68 %, anteiso-C17:0 accounts for 
about 11 % of the total. Other fatty acids present in at least 1 % are iso-C14:0, 
C14:0, iso-C15:0, C16:1 ω7c alcohol, iso-C16:0, C16:1 ω7c and/or iso-C15:0 2OH, 





microbial growths. The G + C content is 39.8 mol % for the type strain, that 
was deposited in the BBCM/LMG Bacteria collection as LMG 19507T and at 
the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH as 
DSM 14890T. The 16S rRNA sequence of this strain is deposited at EMBL 
under accession number AJ315075. In the variable characters listed above, 



















































In this chapter the research problems in the field of biodeterioration of 
mural paintings stated in the general introduction (1.4.1), are discussed again 
in the light of the obtained results (chapters 2 to 9). Also, the followed strategy 
in this study and the techniques used are evaluated. Finally, further research 
perspectives for future studies dealing with biodeterioration of objects of art 
are discussed.  
 
 
10.1. Polyphasic characterisation of the bacterial community 
 
As already stated in chapter 1, studies that describe the bacterial 
community associated with deteriorated mural paintings often lack precise 
characterisation and consequently there was a clear need for extensive 
studies applying a polyphasic approach. This thesis was conceptualised to 
unravel the bacterial community associated with the damage observed at 
three mural painting sites. Samples taken for this purpose generally contained 
high numbers of heterotrophic bacteria. On average, the total counts were 
in the range of 103 to 107 colony forming units (cfu) per gram sample, 
but for three samples of Herberstein the total counts were higher (108-
109 cfu   g-1) on media with 10 % NaCl added. On these media one 
dominant colony type was responsible for the higher counts. Isolates 
belonging to this colony type were later attributed to the genus Halomonas 
and described as a new species H. muralis (chapter 7), that can thus be 
considered as a dominant inhabitant of parts of the mural paintings of the 
Saint-Catherine chapel of castle Herberstein. In total, 429 colonies were 
isolated from the eleven mural painting samples analysed.  
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Fatty acid methyl ester analysis (FAME) was applied in order to obtain 
a first characterisation and a first grouping of the isolates into clusters for 
further analysis (as described in chapter 2). In a first approach, 41 clusters 
were delineated at 80 % Canberra metric similarity. The obtained clusters 
were further divided into 55 subclusters at 85 % similarity to assess the 
taxonomic reliability of the first delineation. A representative of most of these 
subclusters was analysed by 16S rDNA sequencing. The obtained results 
indicated that some subclusters may be attributed to the same species, while 
other subclusters definitely belong to different species and in some cases 
even to different genera. Therefore, we could not set a delineation level to 
separate at the species or genus, which indicates that a dendrogram based 
on fatty acid profiles does not allow a straightforward taxonomic 
interpretation. Some additional restraints were encountered using this 
technique. First of all, not all mural painting isolates grew at the conditions 
stated by the FAME protocol (incubation for 24 or 48 h on Trypticase Soy 
agar). For 325 out of the total of 429 isolates (76 %), a profile could be 
obtained via the regular analysis procedure allowing comparison with the 
TSBA4.0 database. For twenty isolates, sufficient biomass for FAME analysis 
could only be obtained after 72-96 h of incubation. Forty of the remaining 
isolates needed additional salt for growth and were grown on Marine agar. 
Therefore, the fatty acid profiles of these 20 and 40 isolates could only be 
included in a clustering. The remaining 44 isolates could not be analysed at all 
by this FAME method. Another restraint of the technique is related with the 
characterisation of the isolates on the basis of their fatty acid profiles. 
Comparison of the fatty acid profiles of the strains with those in the TSBA4.0 
database generally resulted in low similarity percentages. In those cases 
where the fatty acid profiles of the delineated clusters showed an average 
similarity to an entry in the TSBA4.0 database above 50 %, all representative 
strains of such a cluster were attributed to the same genus in 16S rDNA 
sequence analysis. Yet it is difficult to set one reliability level that applies for 
all isolates since some strains were correctly assigned at the genus level at 
less than 50 % similarity. The FAME taxonomic allocation at the species level 
agreed only for four of the isolates, selected as representative, with the 16S 
rDNA sequence analysis. For these isolates, both the percentage similarity 
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with the closest entry in the TSBA4.0 database and the EMBL database were 
high. Isolate LMG 19421 was characterised as Micrococcus luteus (TSBA4.0 
similarity 77 % and EMBL similarity 99.2 %), LMG 19497 as Bacillus 
megaterium (with respective similarities of 79 and 99.8 %), LMG 19499 as B. 
pumilus (with respective similarities of 80 and 99.8 %), and LMG 20247 as B. 
cereus in fatty acid analysis (76 % similarity) and as B. cereus / anthracis / 
thuringiensis in sequence analysis (99.8 % similarity). In general the 
taxonomic allocation of the mural painting isolates by fatty acid analysis 
is poor, which can be explained in different ways. Firstly, most isolates 
belong to genera (e.g. Bacillus, Arthrobacter) of which many species are 
difficult to differentiate on the basis of their fatty acid patterns (Kämpfer, 1994; 
Kämpfer and Kroppenstedt, 1996). Secondly, the TSBA4.0 database does not 
contain profiles of all known species (e.g. Paracraurococcus and 
Streptomyces). Thirdly, a large part of the mural painting isolates showed low 
sequence similarities towards their closest related entries in the EMBL 
database (< 97 %) and therefore belong to novel species, that are of course 
not included in the fatty acid database. In conclusion, fatty acid profile 
analysis and comparison with the TSBA4.0 database is most probably not the 
best approach for taxonomic localisation of isolates from special habitats such 
as mural paintings. However, despite the restraints of the technique, fatty 
acid analyses proved to be a satisfactory method for the primary 
grouping of a large number of bacterial isolates and to obtain a first 
general idea about their taxonomical position. 
 
 Sequence analysis of the 16S rDNA proved to be a powerful tool for 
further characterisation of isolates, representative of a FAME-cluster. The 
complete 16S rDNA sequence of representatives of 46 of these clusters was 
determined. All sequences were compared with the EMBL database through a 
FASTA search (Pearson, 1990). Of the analysed sequences, twenty showed 
a sequence similarity with the closest described species in the database 
below 97 %, eighteen a sequence similarity above 99 % and eight between 97 
and 99 %. Thus, an important part of the isolates (about 43 %) showed 
similarity levels below 97 %, a level that is considered as a threshold below 
which two strains are expected to belong to different bacterial species 
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(Stackebrandt and Goebel, 1994). Although this level for species delineation 
was derived from the comparative analysis of a large dataset, it has to be 
handled prudently. First of all, it has been reported that some species exhibit 
substantial rDNA sequence variability (Clayton et al., 1995; Ueda et al., 1999). 
To assess if this applied for the groups of isolates that were further described 
as novel species, the 16S rDNA sequences of several strains of the same 
species were checked for double readings and compared with each other. In 
all cases, the internal sequence similarity of the strains was very high and the 
amount of double readings low. Therefore we concluded that the 16S rDNA 
sequence variability between the strains was low. Further reasons for 
cautiousness when analysing 16S rDNA sequence data regards the EMBL 
database entries. Although the database is very extensive, there is not a 16S 
rDNA sequence deposited for all described bacterial species of a given 
genus. Before describing novel species, this was checked and if necessary 
the type strains of the missing species of the appropriate genus were 
sequenced for their 16S rDNA. Furthermore, errors in the EMBL database 
should not be underestimated. In the course of this research several 
irregularities were encountered. For example, when describing the novel 
species Halomonas muralis, it was noticed that there is about 5 % similarity 
divergence between two sequences (X87217 and L42617) both deposited in 
the database as belonging to the type strain of H. salina. Baumgarte et al. 
(2001), recently investigated this and concluded that sequence X87217 does 










Fig. 10.1. Dendrogram based on neighbour joining of the 16S rDNA sequences 
available in the EMBL database for Bacillus simplex and the not validly described 
species B. ‘macroides’ and B. ‘maroccanus’. 
B. macroides (X70312) 
B. simplex (X60638) 
B. macroides (AY030319) 
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were attributed to Bacillus ‘macroides’ (with sequence similarity > 99.5 % to 
AF157696 and AY030319; > 90 % to X70312). B. ‘macroides’ was never 
validly described, although several sequences were entered under that name 
in the EMBL database. When the different sequences of so-called B. 
‘macroides’-strains that are present in the database were clustered together 
with those of B. simplex and B. ‘maroccanus’ in a neighbour joining tree and 
using the ‘discard unknown bases’-function (Fig. 10.1), several remarkable 
observations could be made. Sequences attributed to a single species 
showed a high percentage of sequence dissimilarities. In addition, the 
sequences X60638 (B. simplex) and X60626 (B. ‘maroccanus’) clustered 
tightly together with three B. ‘macroides’ entries (X70312, AY030319 and 
AF157696). However, in a FASTA search the first two sequences showed 
similarities below 98 % with the B. ‘macroides’ entries. The reason for this is 
that both sequences contain a high number of unknown bases (57 and 28, 
respectively) that were discarded in the clustering above. One additional 
example of database inconsistencies was found when running a FASTA 
search for the 16S rDNA sequence of mural painting isolate LMG 21005. The 
search resulted in identical sequence similarities (98.8 %) versus Bacillus 
gibsonii and B. horikoshii, both described by Nielsen et al. (1995). When 
comparing the sequences of both Bacillus species with the BioNumerics 
software, they turned out to be identical. However, according to the original 
16S rDNA sequence clustering in the literature (Nielsen et al., 1994), the 
strains should have clearly distinct sequences. Most likely, when applying for 
accession numbers, one of the sequences was pasted in both entries. It could 
be deduced from FASTA and literature results that the entry of B. horikoshii 
was erroneous. The depositor of the sequences was notified, but when 
searching for the entries in the database after more then a year this mistake 
had not yet been corrected.   
Despite the need for awareness of erroneous sequences in the 
EMBL database, 16S rDNA analysis has been very useful to characterise 
bacteria associated with biodeterioration of objects of art. The major 
advantage of the technique is that the obtained results are highly 
reproducible and very useful in comparative studies. Indeed, similar 
isolates analysed in other studies can be easily traced down. Furthermore, 
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techniques that do not require culturing (e.g. DGGE) may also apply 16S 
rDNA sequencing to characterise the bacterial community, herewith also 
allowing comparison with established species in the database. Previously 
(chapter 1), it was stated that characterisation of the bacterial community 
associated with damage on mural paintings is unsatisfactory. 16S rDNA 
sequencing of representative isolates showed that this statement is correct. A 
large part of the strains studied showed low 16S rDNA sequence similarities 
versus the EMBL database entries, which strongly indicated that they belong 
to novel species. Several of these species were described further. 
 
Description of novel species was performed combining genotypic (rep-
PCR genomic fingerprinting, 16S rDNA sequence analysis, DNA-DNA 
relatedness study, DNA base ratio determination) and phenotypic methods 
(fatty acid analysis, study of morphological, physiological and biochemical 
features). As discussed above, 16S rDNA sequence analysis revealed that 
several of the representative isolates possibly belong to novel species 
according to FASTA searches. Therefore, the groups of isolates with similar 
fatty acid profiles, to which these representative strains belong, were further 
investigated. The different groups were first studied by rep-PCR genomic 
fingerprinting [with (GTG)5, REP or BOX-primers, depending on the group] to 
assess their genomic variability. It was stated previously that rep-PCR 
analyses yield results that are in good agreement with DNA-DNA relatedness 
studies (Nick et al., 1999; Rademaker et al., 2000) and can thus be used as 
rapid and reliable genomic screening to select for representative strains for 
the more laborious DNA-DNA reassociation experiments. When comparing 
groupings based on rep-profiling and partial 16S rDNA sequences of the 
same strains, no inconsistencies were found. The genomic variability of 
the strains differed from group to group. For some groups, strains that were 
isolated from different mural painting samples or even different sites showed 
identic rep-patterns (as was the case for Halomonas muralis and Bacillus 
decolorationis). However, in the case of Brachybacterium fresconis and 
Brachybacterium sacelli, both containing strains isolated from only one single 
mural painting sample, the rep-clustering showed four main rep-types, two per 
species. For the novel Virgibacillus species the patterns originating from 
                                                                                                         Concluding remarks 
 153
strains isolated from Carmona were very similar within one species, while 
those originating from Herberstein strains showed more variation. Since 
groups with (nearly) identical patterns could be delineated, rep-PCR genomic 
fingerprinting proved to be a useful technique to reduce the number of 
strains for DNA-DNA relatedness studies. The DNA-relatedness values 
obtained were all clearly either above or below the 70 %, the level 
recommended for species delineation according to the species concept 
(Wayne et al.,1987). Therefore, several novel genospecies could be clearly 
delineated. Further phenotypic analysis resulted in a final description of 
seven new species (chapter 6, 7, 8 and 9). The detection and description of 
these species associated with damage on mural paintings supports the need 
of extensive polyphasic characterisation studies of the microbial component 
that is associated with biodeterioration of objects of art.   
 
 
10.2. Culturing versus DGGE 
 
It was stated in chapter 1 that in previous studies of biodeterioration of 
art objects, a comparison of the cultivated and non-cultivated (DGGE-
analysis) bacterial component was based on limited data (Rölleke et al., 1996; 
Rölleke et al., 1998). This supported the need for a more thorough 
investigation not in the least because the combination of both approaches 
enlarges the chance for a better and more complete understanding of the 
bacterial community involved. The samples from the mural paintings at 
Herberstein and Greene were studied by both approaches (see chapter 4) 
and revealed important discrepancies. For sample 1 of Herberstein, a 
representative isolate of each group delineated by fatty acid analysis, and all 
ungrouped isolates were also studied on a DGGE-gel. In this way not only the 
16S rDNA sequences could be compared between the isolates and the 
uncultured bacteria but also their positions on the DGGE-gel. No matches 
were found between band positions of the 16S rDNA amplicons of the 
isolates and those of uncultured bacteria. The FASTA results retrieved 
only members of Halomonas as a common result of both approaches. When 
the sequence of Halomonas muralis LMG 20969T (type strain of the new 
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species that includes isolates of Herberstein sample 1 and 2; chapter 7) was 
compared with the Halomonas-sequences originating from the DGGE-bands 
of sample 1, sequence similarities of 99.0 % and 97.8 % were obtained with 
Hb1-K6 (AJ400531, 520 bp) and Hb1-K66 (AJ400522, 513 bp), respectively. 
From these similarities no definite conclusion can be made whether the 
sequences obtained by both approaches represent organisms belonging to 
the same species. For the other samples of Herberstein and sample 4 of 
Greene, the composition of the bacterial community, as determined by both 
approaches, revealed that only representatives of Halomonas (for Herberstein 
sample 2 and 6) and Arthrobacter (for Herberstein sample 6 and Greene 
sample 4) were mutually present. Furthermore, only Arthrobacter sp. LMG 
20239 (AJ316305), isolated from Greene sample 4, and the DGGE-band G4-
K26 (AJ400568, 531 bp) showed a high sequence similarity (99.8 %). Thus, 
only in this last case very similar organisms, closely related to Arthrobacter 
crystallopoietes (99.5 % sequence similarity between LMG 20239 and EMBL-
entry X80738), were found by both approaches. Possibly, the large 
discrepancy between the culturing and non-culturing (DGGE)-approach can 
be explained by inefficient lysis, preferential amplification of 16S rDNA 
cistrons or preferential isolation of certain groups of bacteria, as discussed in 
more detail in chapter 4. 
 
 
10.3. Biodeteriorative potential of the bacterial community 
 
As stated in chapter 1, the knowledge of the precise mechanisms of 
biodeterioration of mural paintings is still fragmentary and needs to be 
analysed further in situ and in the laboratory. This problem was not tackled in 
the present study as such and therefore the biodeteriorative potential of the 
described bacteria can only be distilled from other studies. For example, it 
was shown in previous research that the deteriorative potential of Bacillus 
strains isolated from mural paintings may be due to extra-cellular enzymes 
capable of degrading the binding agents of the murals (Weirich, 1989), or to 
the reduction of iron of some pigments of the paintings (Gonzalez et al., 
1999). Strains of the genus Arthrobacter were reported to oxidise the lead 
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present in pigments, leading to brown-black spots on the murals of a medieval 
church in Rostov, Russia (Petushkova and Lyalikova, 1986). Groth et al. 
(1999b) state that several Streptomyces isolates, from paleolithic rock art in 
karstic caves and murals in Roman catacombs, produce soluble pigments and 
crystals that are causes of biological damage on the paintings. These 
examples illustrate the possible deteriorative potential of members of genera 
to which the isolates of this study were attributed. However, the organisms 
studied by the above-mentioned research groups were characterised by 
techniques that do not result in publicly accessible data. Therefore, it cannot 
be stated that the isolates from Carmona, Herberstein and Greene are 
expected to possess similar deteriorative potentialities. This again illustrates 
the need for studies that result in a reliable characterisation at the species 
level by the use of highly reproducible techniques that are linked to an 
accessible and very extensive database (e.g. sequence analysis). Only 
studies that allow reliable comparison of data will lead to more general 
conclusions on the composition and metabolic capacities of the 
bacterial community associated with biodeterioration of mural paintings. 
In some cases, valuable data about the deteriorative potential can then even 
be retrieved from unrelated research areas. For example, Francis and Tebo 
(2002) recently studied a number of Bacillus isolates from coastal marine 
sediments. The dormant spores of these isolates enzymatically catalyse the 
oxidation of soluble Mn(II) to highly insoluble(IV) oxide precipitates on the 
spore surfaces, thereby becoming encased in a metal oxide shell. All isolates 
were studied by 16S rDNA sequencing and the sequence of one of the 
isolates (MB-1) was 100 % identical to the sequence of LMG 19416 that was 
described in this thesis as Virgibacillus picturae (chapter 8). Since the highly 
charged and reactive surfaces of Mn oxides are known to dramatically affect 
the chemical distributions in the environment, Francis and Tebo (2002) 
cautiously speculate that the production of Mn(II)-oxidising spores by LMG 
19416 (V. picturae) may have contributed to the biodeterioration of these 
paintings. Although further research is necessary to test this hypothesis, the 
example proves that when mural painting isolates are characterised using a 
technique that allows accurate comparison, valuable new insights in their 
biodeteriorative potential can be obtained from different research studies. 
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10.4. Further perspectives 
 
As a result of numerous studies, it is well established that mural 
paintings and other objects of art can be severely deteriorated by microbial 
growths and this given as such does not require further research. However, 
our knowledge on the processes and the microbial community involved 
is still fragmentary and this is linked to the complexity of 
biodeterioration processes. First of all, research dealing with 
biodeterioration of mural paintings, and objects of art in general, has to take 
many variables (chemical, physical, environmental) into consideration, which 
makes it very difficult to reach general conclusions and standardise laboratory 
experiments. Secondly, biodeterioration can occur very slowly, which makes it 
hard to reach conclusions in a limited time frame. Thirdly, there is also a 
problem of accessibility to mural paintings and other objects of art. The 
amount of samples taken and the sampling size always have to be reduced to 
the minimum.  
There is still a clear need for further research in the field of 
biodeterioration of objects of art and this research should reflect to a 
great extent the needs of the conservators. For example, it is very 
important that research focuses on assessing the effects of conservation 
measures on different microbial communities. Only by revealing a link 
between conservation/restoration measures and the microbial community, 
biodeterioration studies will really be implemented in the conservation 
practice.  
In this perspective, the following sequence of research needs can be 
summed-up: 
1) There is a need for additional research that results in well-
characterised strains. Such research forms the basis for future studies since 
it allows the comparison of different microbial communities associated with 
different damages and provides the strains for laboratory experiments. It is 
very important that future experiments are performed with well-characterised 
strains, since otherwise the results obtained in different studies are difficult to 
compare and therefore become less significant. In this respect, there is also a 
need for future studies that specifically aim to isolate the uncultured part of the 
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bacterial community using specialised culture media and conditions. An 
internet-database of well-characterised strains stored and maintained in 
culture collections, as the one delivered by the European concerted action 
COALITION, will be of great help for future research.  
2) Future research should focus on determining the causative agents 
of biodeterioration of mural paintings. The dominant microflora associated 
with damages can be determined by comparison of the microflora obtained 
from different samples. Further laboratory experiments should determine if 
these microorganisms would indeed propagate on the murals or if they are 
mere coincidental organisms (e.g. present as spores). Such experiments can 
be performed using mock paintings and incubation under environmental 
conditions that allow accelerated biodeterioration. Knowledge on the 
causative agents of biodeterioration might result in the development of 
preventive measures for the conservation of undamaged parts of mural 
paintings.  
3) Future research should assess the effects of conservation 
measures on different microbial communities. This can be achieved by 
observations in situ and experiments in the laboratory. In situ, the effect of 
treatments (e.g. use of organics, water repellents, salt crystallisation inhibitors, 
consolidants, etc.) should be evaluated by regular follow-up. For example, it 
should be determined in situ whether biocide treatments are adequate for 
long-term conservation and do not trigger future massive microbial growth. In 
laboratory experiments, the reaction of the different components of the 
microbial community to conservation measures should also be tested. The 
biodeterioration phenomena occurring on treated and untreated mock 
paintings should be compared to estimate the effect of treatment on the 
microbial community. 
4) In the light of future conservation, a precise knowledge on the 
microbial community composition will help the conservator to choose 
the appropriate cleaning and restoration measures. Therefore, future 
research on biodeterioration will have to focus on developing rapid 
diagnostic techniques. For the bacterial component of the community, such 
detection techniques would in a first stage be based on the 16S rDNA 
sequence since our present knowledge on the uncultivated part of the 
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bacterial community is based on the sequence of this molecule through 
DGGE analysis. DGGE analysis could be used for detection, but faster results 
would be obtained using fluorescent in situ hybridisation (FISH) or real-time 
PCR. When the knowledge on the causative agents of biodeterioration will 
further expand, development of appropriate microarrays will also become a 
possibility. Such microarrays could contain genes for the detection of specific 
microorganisms as well as genes coding for enzymes involved in the 
biodeterioration process. 
In conclusion, although molecular techniques were only recently 
introduced in the field of biodeterioration of objects of art, they show 




































It is currently well acknowledged that mural paintings can be severely 
damaged by microbial growths. However, most studies on biodeterioration 
have focussed on understanding the deteriorative potential of the microbial 
community. Therefore the characterisation of especially the bacterial 
community associated with damage has often been unsatisfactory and there 
was a clear need in this field of results for studies focussing on 
characterisation. Such a study was performed in the framework of the 
European research projects MICROCORE and COALITION (see annex 2). 
Three severely deteriorated mural painting sites were sampled to characterise 
the microbial community associated with the observed growths and 
discolourations: 
 The necropolis of Carmona (Spain), with Roman mural paintings (1st-
2nd century). The site was rediscovered and excavated at the end of 
the 19th century. 
 The Saint-Catherine chapel of castle Herberstein (Austria), with 
medieval mural paintings (14th century). The murals were covered by a 
plaster layer, probably applied in 1580, and were freshly exposed and 
restored in the 1930ies-1940ies. 
 The church of Greene-Kreiensen (Germany), with late renaissance 
mural paintings (16th century). The paintings were covered by 
whitewash, applied in the period 1690-1716, that was removed in 1977. 
 
The samples taken to study the bacterial community were homogenised 
and plated on a variety of media. For most samples, total counts of 
heterotrophic bacteria on media without 10 % NaCl were in the range of 103 to 
107 colony forming units (cfu) per gram wet weight. On media with added salt, 
the total counts were similar for the samples of Carmona and Greene. The 
samples of Herberstein, however, showed total counts up to 109 cfu g-1 on 





isolates were first studied by fatty acid methyl ester (FAME) gas 
chromatography, and of about 90 % of them a usable fatty acid profile was 
obtained. FAME analysis was used to obtain a first grouping of a large 
amount of isolates and for comparison of the composition of the bacterial 
community from different samples and sites. At 80 % Canberra metric 
similarity, 41 clusters were delineated and twenty strains remained 
ungrouped. The three mural painting sites showed a high similarity in 
community composition when only the clusters containing ten or more isolates 
are taken into consideration. Furthermore, the similarity in community 
composition was not higher between different samples of one site then 
between those of different sites. The characterisation of the main clusters at 
the generic level was in accordance with previous studies (Bacillus, 
Paenibacillus, Micrococcus and Arthrobacter). However, in general FAME 
analysis did not result in reliable characterisations at the species level.  
 
From the grouping obtained by FAME analysis, 46 representative strains 
were chosen for further study by 16S rDNA sequence analysis. Of the 
analysed sequences, twenty showed a sequence similarity with the closest 
described species in the EMBL database below 97 % (potential new species), 
eight showed similarities of 97-99 % and eighteen showed a sequence 
similarity above 99 %. Although a characterisation at the species level was 
not obtained in many cases, the majority of the strains was well characterised 
at the genus level and the following genera were found: dominance of Bacillus 
and related genera (Paenibacillus, Virgibacillus), Arthrobacter, 
Brachybacterium, Brevibacterium, Halomonas, Methylobacterium, 
Micrococcus, Nocardioides, Sphingomonas, Staphylococcus and 
Streptomyces. An important amount of the selected representative strains 
showed low sequence similarities with all database entries herewith strongly 
indicating the presence of novel species among them.  
 
For the samples taken from the mural paintings at Herberstein and 
Greene, the bacterial isolates studied by 16S rDNA sequencing were 
compared with the data obtained in a molecular approach that does not 




require prior culturing (based on denaturing gradient gel electrophoresis, 
DGGE). For one sample of Herberstein (HA1), a representative isolate of all 
clusters with similar FAME profiles and all ungrouped isolates were subjected 
to DGGE analysis. No matches were found between the band positions of the 
isolates and the uncultured bacteria, and when the results of 16S rDNA 
sequence analysis of the isolates and excised bands were compared only the 
genus Halomonas was present in the list of bacteria obtained by both 
approaches. Similar discrepancies were found for the other samples of 
Herberstein and those of Greene. The only common genera recovered by 
both approaches were Halomonas and Arthrobacter and only one isolate of 
Greene showed high sequence similarity (99.8 %) with an uncultured 
bacterium (rDNA sequences are closely related to Arthrobacter 
crystallopoietes). Possible explanations for the observed discrepancy may lie 
in inefficient lysis, the preferential amplification or the preferential isolation and 
culturing of certain groups of bacteria. The results show that a combination of 
both approaches raises the chance of characterising all bacteria present in a 
sample. 
 
As 16S rDNA sequence analysis revealed that several of the 
representative isolates studied possibly belong to novel species, the groups of 
isolates with similar FAME profiles to which these representatives belong 
were further investigated. The different groups were first studied by rep-PCR 
genomic fingerprinting to assess the genomic variability between the isolates 
of one group. For some groups, strains that were isolated from different mural 
painting samples or even different sites showed identical rep-patterns. For 
other groups the rep-clustering corresponded well with the origin of the 
isolates. Further 16S rDNA sequencing of different members of a group 
provided additional information on the genomic diversity within a group. By 
combining the results of rep-PCR genomic fingerprinting and 16S rDNA 
sequence analysis, the number of strains for DNA-DNA reassociation 
experiments could be reduced. The relatedness values obtained in these 





genospecies. Further phenotypic analysis of these groups allowed the 
description of seven novel species: 
 Brachybacterium sacelli and Brachybacterium fresconis. The first 
species originates from black discoloration on the chancel vault of the 
Saint-Catherine chapel of Herberstein castle, the latter of black stripes 
in the upper area of the nave’s north wall of the same site. Both 
species clustered tightly within Brachybacterium in a phylogenetic tree 
based on 16S rDNA sequence analysis, but could be differentiated 
from all previously described species (genotypically and 
phenotypically). Both species can be easily distinguished from each 
other on the basis of e.g. gelatinase and urease activity.  
 Halomonas muralis. Strains belonging to this species were isolated 
from a brown-coloured coating on the east wall and from a black biofilm 
covering the chancel vault of the Saint-Catherine chapel. The novel 
species was attributed to Halomonas, but since this genus is not 
monophyletic as currently described it cannot be excluded that the 
species will be taxonomically rearranged at the generic level.  H. 
pantelleriensis and H. desiderata were found to be the closest related 
described species, but H. muralis can be differentiated from them 
because this species is not obligately alkaliphilic.  
 Virgibacillus carmonensis, Virgibacillus necropolis and 
Virgibacillus picturae. The first two species originate from a biofilm 
sample from the ceiling of the Servilia tomb of the Roman necropolis of 
Carmona. Strains belonging to V. picturae were either isolated from the 
same sample or from a rosy biofilm covering the north wall of the Saint-
Catherine chapel. In a phylogenetic tree the three species are 
positioned at approximately equal distance from Virgibacillus and 
Salibacillus. This given together with additional genotypic and 
phenotypic data leads to the proposal to transfer the species of 
Salibacillus to Virgibacillus, as V. marismortui comb. nov. and V. 
salexigens comb. nov. This transfer and the descriptions of the three 
novel species necessitated an emended description of the genus 
Virgibacillus.    




 Bacillus decolorationis. Although their rep-PCR patterns are almost 
identical, the isolates attributed to this species originate from different 
samples of the mural paintings of Carmona and Herberstein. The 16S 
rDNA sequence similarities of this species with all other described 
Bacillus species were fairly low (< 97 %), but the species clustered 
tightly within the genus. Additional genotypic and phenotypic findings 
further validated the description as a novel species.  
 
The finding and description of novel bacterial species associated with 
damage on mural paintings is the ultimate evidence that the research field 
dealing with biodeterioration of objects of art needs extensive characterisation 
studies following a polyphasic approach. 
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Het wordt tegenwoordig algemeen aanvaard dat muurschilderingen 
ernstig beschadigd kunnen worden door microbiële groei. De meeste studies 
rond biodeterioratie hebben zich toegespitst op het begrijpen van de 
microbiële afbraakprocessen en hebben daarbij slechts weinig aandacht 
besteed aan karakterisering van de microbiële gemeenschap geassocieerd 
met de beschadigde muurschilderingen. Er was dan ook een nood aan 
studies die wel de nadruk leggen op karaktersering, voornamelijk van de 
bacteriële deteriorerende gemeenschap. Een dergelijke studie werd 
uitgevoerd in het kader van de Europese onderzoeksprojecten MICROCORE 
en COALITION (zie annex 2). Drie sites van zwaar aangetaste 
muurschilderingen werden bemonsterd teneinde de microbiële gemeenschap 
geassocieerd met de geobserveerde groei en verkleuringen te karakteriseren:  
 De Servilia tombe in de necropolis van Carmona (Spanje), die 
romeinse muurschilderingen bevat (1ste-2de eeuw). Deze site werd 
herondekt en uitgegraven aan het eind van de 19de eeuw.  
 De Sint-Catharina kapel in het kasteel van Herberstein (Oostenrijk), 
met middeleeuwse muurschideringen (14de eeuw). De muur-
schilderingen waren lange tijd afgedekt met een laag pleisterkalk, 
vermoedelijk aangebracht in 1580, en werden blootgesteld en 
gerestaureerd in de jaren 1930-1940.  
 De kerk van Greene-Kreiensen (Duistland), met laat renaissance muur-
schilderingen (16de eeuw). De schilderingen waren bedekt met witkalk, 
aangebracht in de periode 1690-1716, die werd verwijderd in 1977. 
 
De stalen voor het isoleren van de bacteriële gemeenschap werden 
gehomogeniseerd en uitgeplaat op verschillende media. Voor de meeste 
stalen waren de totale tellingen op media zonder toevoeging van 10 % NaCl 
tussen de 103 en 107 kolonie vormende eenheden (kve) per gram nat gewicht. 





gelijkaardig voor de stalen genomen te Carmona en Greene. Echter, voor de 
stalen van Herberstein bereikten totale tellingen zelfs tot 109 kve per gram op 
media met 10 % NaCl. In totaal werden er 429 isolaten geselecteerd en in 
reincultuur gebracht. Deze isolaten werden eerst bestudeerd door middel van 
vetzuuranalyse (gas chromatografie van vetzuur methyl esters) en van 
ongeveer 90 % van de isolaten werd een bruikbaar vetzuurprofiel verkregen. 
De vetzuurpatronen werden aangewend voor een eerste groepering van de 
isolaten en voor het vergelijken van de samenstelling van de bacteriële 
gemeenschap tussen verschillende stalen en sites. Clusters werden afgelijnd 
op 80 % ‘Canberra metric’-similariteit en hierbij werden 41 clusters en 20 niet 
gegroepeerde isolaten verkregen. In clusters met meer dan tien isolaten treft 
men meestal isolaten van alle drie de verschillende muurschildering sites aan. 
Verder was het verschil in de bacteriële gemeenschap niet groter tussen 
stalen van een verschillende site dan tussen stalen van dezelfde site. De 
karakterisering op genus-niveau van de belangrijkste clusters was in 
overeenstemming met vorige studies  (Bacillus, Paenibacillus, Micrococcus en 
Arthrobacter). Echter, in het algemeen resulteerde de vetzuuranalyse niet in 
een betrouwbare karakterisering op soort-niveau. 
 
Uit de clustering op basis van vetzuurpatronen werden 46 
representatieve stammen gekozen voor verder onderzoek met 16S rDNA 
sequentiebepaling. Van de geanalyseerde sequenties, vertoonden er 20 een 
sequentiesimilariteit met de nauwst verwante beschreven soorten in de EMBL 
databank beneden de 97 % (mogelijks nieuwe soorten), acht vertoonden 
similariteiten tussen 97-99 % en achttien vertoonden een sequentiesimilariteit 
boven 99 %. Ondanks het lage aantal betrouwbare karakteriseringen op 
soort-niveau, werd de meerderheid van de stammen goed gekarakteriseerd 
op genus-niveau en vertegenwoordigers van de volgende genera werden 
gevonden: een dominantie van Bacillus en verwante genera (Paenibacillus, 
Virgibacillus), Arthrobacter, Brachybacterium, Brevibacterium, Halomonas, 
Methylobacterium, Micrococcus, Nocardioides, Sphingomonas, 
Staphylococcus en Streptomyces. Een groot deel van de geanalyseerde 
stammen vertoonde lage sequentiesimilariteiten met alle sequenties in de 




EMBL databank. Dit wijst erop dat verschillende groepen van isolaten tot 
nieuwe soorten behoren.  
 
Voor de stalen afkomstig van Herberstein en Greene, konden de 16S 
rDNA sequenties van de bacteriële isolaten vergeleken worden met de 
resultaten van een cultuuronafhankelijke studie (gebaseerd op denaturing 
gradient gel electrophoresis, DGGE). Voor één staal van Herberstein werden 
een representatief isolaat van alle vetzuur-clusters en alle niet gegroepeerde 
isolaten eveneens onderworpen aan DGGE analyse. De band posities van de 
isolaten kwamen echter niet overeen met deze van de niet-gecultiveerde 
bacteriën, en wanneer de 16S rDNA sequentie resultaten van de isolaten en 
de niet-gecultiveerde bacteriën werden vergeleken bleek dat enkel het genus 
Halomonas door beide benaderingen werd aangetoond. Gelijkaardige 
verschillen werden gevonden voor de andere stalen van Herberstein en deze 
van Greene. De enige genera die door beide benaderingen werden 
aangetoond waren Halomonas en Arthrobacter en slechts één isolaat van 
Greene vertoonde hoge sequentie similariteit (99.8 %) met een niet 
gecultiveerde bacterie (beiden nauw verwant met Arthrobacter 
crystallopoietes). Mogelijke verklaringen voor de grote verschillen kunnen 
gevonden worden in inefficiënte lyse (van sporen,...), preferentiële amplificatie 
of het selectief isoleren en kweken van bepaalde bacteriële groepen. De 
resultaten tonen aan dat door combinatie van beide benaderingen de kans 
verhoogt om de gehele bacteriële gemeenschap aanwezig in een staal te 
karakteriseren. 
 
Na 16S rDNA sequentie analyse van representatieve stammen, 
geselecteerd op basis van hun vetzuurpatroon, bleek dat er mogelijks nieuwe 
bacteriële soorten werden geïsoleerd. De groepen van isolaten met 
gelijkaardige vetzuurprofielen waartoe deze representatieve stammen 
behoorden werden verder onderzocht. De isolaten werden eerst onderworpen 
aan rep-PCR genomische fingerprinting om de genomische variabiliteit tussen 
de isolaten van één groep te bepalen. In bepaalde groepen, vertoonden de 





patronen. Bij andere groepen clusterden de isolaten volgens hun origine. 
Verdere informatie betreffende de genomische diversiteit in een rep-groep 
werd verkregen door bijkomende 16S rDNA sequentie analyse van 
bijkomende vertegenwoordigers. Door combinatie van de resultaten van rep-
fingerprinting en sequentie analyse, kon het aantal stammen voor DNA-DNA 
reassociatie experimenten beter geselecteerd en beperkt worden. Deze DNA-
DNA hybridisatie experimenten resulteerden in ondubbelzinnige DNA-
reassociatie waarden en toonden inderdaad aan dat nieuwe genospecies 
werden geïsoleerd. Verder fenotypisch onderzoek liet tenslotte het 
beschrijven van zeven nieuwe soorten toe: 
 Brachybacterium sacelli en Brachybacterium fresconis. Deze 
soorten werden respectievelijk geïsoleerd van zwarte verkleuringen op 
het gewelf en van zwarte strepen of de noordelijke muur van het koor 
van de Sint-Catharina kapel van het kasteel te Herberstein. In een 
fylogenetische boom gebaseerd op 16S rDNA sequentie analyse 
clusterden beide soorten duidelijk binnen het genus Brachybacterium, 
toch kon verder genotypisch en fenotypisch onderzoek ze 
onderscheiden van alle reeds beschreven soorten in dit genus. Beide 
soorten kunnen makkelijk van elkaar onderscheiden worden, 
bijvoorbeeld aan de hand van gelatinase en urease activiteit.   
 Halomonas muralis. De isolaten behorend tot deze soort zijn 
afkomstig van een bruine biofilm op de oostelijke muur en een zwarte 
biofilm op het gewelf van het koor van de Sint-Catharina kapel. De 
nieuwe soort werd toegeschreven aan Halomonas, maar dit genus is in 
de huidige beschrijving niet monofyletisch waardoor toekomstige 
herclasseringen op generisch niveau niet uit te sluiten zijn. H. 
pantelleriensis en H. desiderata werden gevonden als de dichtst 
verwante beschreven soorten, maar H. muralis kan van hen 
onderscheiden worden omdat deze soort bijvoorbeeld niet obligaat 
alkalifiel is.   
 Virgibacillus carmonensis, Virgibacillus necropolis en 
Virgibacillus picturae. De twee eerstgenoemde soorten zijn afkomstig 
van een biofilm-staal van het plafond van de Servilia tombe in de 




necropolis van Carmona. Stammen behorend to V. picturae werden 
ofwel geïsoleerd uit ditzelfde staal of uit een staal van een rozige 
biofilm die de noordelijke wand overgroeit van de Sint-Catharina kapel. 
In een fylogenetische boom bevinden de drie species zich ongeveer op 
gelijke afstand van Virgibacillus en Salibacillus. Dit gegeven, 
gecombineerd met bijkomend genotypische en fenotypische data, 
leidden tot het voorstel om de soorten in Salibacillus over te brengen 
naar Virgibacillus als V. marismortui comb. nov. en V. salexigens 
comb. nov. Deze transfer en de beschrijvingen van de drie nieuwe 
soorten maakten een geëmendeerde beschrijving van het genus 
Virgibacillus noodzakelijk.  
 Bacillus decolorationis. De isolaten toegeschreven aan deze soort 
zijn afkomstig van verschillende stalen en sites, maar vertoonden toch 
een zeer gelijkaardig rep-patroon. De 16S rDNA similariteiten van deze 
soort met alle beschreven Bacillus soorten waren vrij laag (< 97 %), 
toch clusterde de soort duidelijk binnen het genus. Bijkomende 
genotypische en fenotypische bevindingen valideerden de verdere 
beschrijving als nieuwe soort. 
 
Het aantonen en beschrijven van nieuwe soorten geassocieerd met 
beschadigde muurschilderingen vormt het ultieme bewijs dat het 
onderzoeksveld omtrent biodeterioratie van kunst nood heeft aan extensieve 
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ANNEX 1 – LIST OF STRAINS 
 
 












CS1 5266 AA 19489 AJ315057 3 CS2 5321 AF 19492 AJ315060 3, 8 
CS1 5267 AG    CS2 5322 AF 20963 AJ316301 8 
CS1 5269 AG    CS2 5350 uncl.    
CS1 5270 AX    CS2 5352 AK    
CS1 5275 AA    CS2 5354 BI 19504 AJ315072 3 
CS1 5276 BF    CS2 5356 BA    
CS1 5277 AG 19491 AJ315059 3 CS2 5369 AK    
CS1 5278 BB    CS2 5370 BM    
CS1 5279 AG    CS2 5371 uncl.    
CS1 5280 AX    CS2 5372 AB 21001 AJ316304 9 
CS1 5281 BB 19498 AJ315065 3 CS2 5373 BM 19506 AJ315074 3 
CS1 5282 AA    CS2 5374 AY 19503 AJ315071 3 
CS1 5303 AK    CS2 5375 AY    
CS1 5304 AK    CS2 5376 AA    
CS1 5305 AJ 19501 AJ315069 3 CS2 5377 AJ    
CS1 5306 AJ    CS2 5378 AK    
CS1 5307 AG    CS2 5379 AK    
CS1 5308 AG    CS2 5381 AB    
CS1 5309 BF    CS2 5382 BO    
CS1 5310 AG    CS2 5449 AA 19488 AJ315056 3, 8 
CS1 5311 BD    CS2 5450 AB   9 
CS1 5312 AN    CS2 5451 BD    
CS1 5313 BB    CS2 5452 AB    
CS1 5344 AK 19502 AJ315070 3, 5 CS2 5453 AJ    
CS1 5345 AJ    CS2 5454 AB   9 
CS1 5346 uncl.    CS2 5486 AB   9 
CS1 5347 AX    CS2 5487 AB 20966 AJ316303 8 
CS1 5348 BD 19500 AJ315067 3, 5 CS2 5493 AJ    
CS1 5349 AX    CS2 5494 AY    
CS1 5363 AJ    CS2 5495 BO 19505 AJ315073 3 
CS1 5364 AG    CS2 5517 AB 20967  8 
CS1 5366 AJ    CS2 5518 AK    
CS1 5446 AK    CS2 5521 AB 20964 AJ316302 3, 8 
CS1 5447 AK    CS2 5522 AB 20968  8 
CS1 5448 AK    CS2 5523 AB   9 
CS1 5489 AK    CS2 5524 AK    
CS1 5490 AE    CS2 5538 AA    
CS1 5492 AB    CS2 5540 AB   9 
CS1 5512 BF    CS2 5549 AY    
CS1 5513 AE    CS3 5271 AY 19497 AJ315065 3, 5 
CS1 5514 AK    CS3 5272 BC    
CS1 5537 AK    CS3 5273 AX    
CS1 5543 AK    CS3 5274 AG 19490 AJ315058 3 
CS1 5544 AE    CS3 5288 AX    
CS2 5283 BA    CS3 5289 AX    
CS2 5284 AG    CS3 5290 BC    
CS2 5286 BI    CS3 5291 BC    
CS2 5287 AG    CS3 5292 BC    
CS2 5315 AY    CS3 5293 BD    
CS2 5316 AN    CS3 5294 AX    
CS2 5317 AW 19495 AJ315063 3 CS3 5295 AX    
CS2 5318 BI    CS3 5296 BC    
CS2 5319 BA    CS3 5297 AX    
CS2 5320 AL 19493 AJ310561 3 CS3 5298 BC    
* Sampling points from which the isolates originate. CS: Carmona, Spain; HA: Herberstein, Austria; GG: Greene, 
Germany.    
† Fatty acid groups as denoted in chapter 2. 
‡ Numbers refer to chapters (publications) in which the isolates were analysed and discussed. Chapter 2 is not 
















CS3 5299 AX 19496 AJ315064 3, 5 HA1 5037 BL 19418 AJ276807 4, 7 
CS3 5300 BC 19499 AJ315066 3, 5 HA1 5038 BL   7 
CS3 5301 AX    HA1 5039 AA    
CS3 5302 AX    HA1 5040 BN    
CS3 5323 AX    HA1 5041 AF    
CS3 5324 BC    HA1 5046 BN 19419 AJ276806 4 
CS3 5325 BC    HA1 5056 BL   7 
CS3 5328 BC    HA1 5058 BL 20969 AJ320530 7 
CS3 5329 AX    HA1 5059 BL   7 
CS3 5330 AU    HA1 5060 BL 20970 AJ320531 7 
CS3 5331 AY    HA1 5064 BG 19417 AJ276810 4, 5 
CS3 5332 AE    HA1 5113 AK    
CS3 5333 BC    HA2 5387 AB 20333 AJ415379 6 
CS3 5334 BC    HA2 5388 AB    
CS3 5335 AX    HA2 5389 AC    
CS3 5336 AX    HA2 5391 AC    
CS3 5337 AG    HA2 5469 AC    
CS3 5338 AX    HA2 5470 AB 20335  6 
CS3 5339 BC    HA2 5471 AB   9 
CS3 5340 AG    HA2 5474 AL    
CS3 5341 AR    HA2 5476 AB    
CS3 5342 BC    HA2 5505 AB 20337  6 
CS3 5343 AG    HA2 5507 AQ    
CS3 5383 AG    HA2 5508 BL 20971 AJ320532 7 
CS3 5384 uncl.    HA2 5509 AB 20336 AJ415378 6 
CS3 5385 BC    HA2 5528 uncl.    
CS3 5386 AV    HA2 5529 AB    
CS3 5455 AR    HA2 5531 uncl.    
CS3 5456 AY    HA2 5532 AB 19507 AJ315075 3, 9 
CS3 5457 AX    HA5 5357 AX    
CS3 5459 AT    HA5 5358 AA    
CS3 5460 BC    HA5 5360 BA    
CS3 5461 AD    HA5 5361 uncl.    
CS3 5462 BC    HA5 5362 AX    
CS3 5463 AR 19494 AJ315062 3 HA5 5392 AX    
CS3 5466 AI    HA5 5393 AY    
CS3 5497 AB   9 HA5 5394 AB    
CS3 5498 uncl.    HA5 5395 AX    
CS3 5499 BC    HA5 5396 AB    
CS3 5500 AI    HA5 5397 AB 20342 AJ415383 6 
CS3 5501 BC    HA5 5398 AX    
CS3 5526 BC    HA5 5399 AX    
CS3 5527 AC    HA5 5400 AB 20343 AJ415382 6 
HA1 4991 AX 19410 AJ400577 4 HA5 5401 AB    
HA1 4992 AT 19422 AJ400583 4 HA5 5402 AB    
HA1 4993 uncl.    HA5 5403 AX    
HA1 4994 AE 19423 AJ400582 4 HA5 5404 uncl.    
HA1 4996 AO 19413 AJ400580 4 HA5 5405 AB 20344  6 
HA1 4997 AY 19412 AJ400578 4 HA5 5478 AB 20338 AJ415380 6 
HA1 5000 AN    HA5 5479 AB    
HA1 5001 AW 19411 AJ400579 4 HA5 5480 AB    
HA1 5002 AG 19414 AJ400581 4 HA5 5481 AB 20341  6 
HA1 5005 AN    HA5 5482 AB 20339 AJ415381 6 
HA1 5007 AN    HA5 5510 AB 20340  6 
HA1 5008 AN 19415 AJ276809 4 HA5 5511 AB 20346  6 
HA1 5009 AN    HA5 5646 AB    
HA1 5010 AX    HA5 5647 AB 20345 AJ415384 6 
HA1 5036 BL    HA6 5011 AF 19416 AJ276808 3,4, 5, 8 
* Sampling points from which the isolates originate. CS: Carmona, Spain; HA: Herberstein, Austria; GG: Greene, 
Germany.    
† Fatty acid groups as denoted in chapter 2. 
‡ Numbers refer to chapters (publications) in which the isolates were analysed and discussed. Chapter 2 is not 
indicated since all strains listed were subjected to fatty acid analysis. 
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HA6 5012 AE    GG4 8211 BC    
HA6 5013 AF 20958 AJ316296 8 GG4 8212 AU    
HA6 5014 AE 19508 AJ315076 3, 5 GG4 8213 AG    
HA6 5016 AD 20959 AJ316297 8 GG4 8214 AG    
HA6 5017 AF 20960 AJ316298 8 GG4 8215 AG    
HA6 5018 AE    GG4 8216 AG 21002 AJ316308 5 
HA6 5019 AE    GG4 8217 AY    
HA6 5020 AZ    GG4 8218 AG    
HA6 5021 AF 20961 AJ316299 8 GG4 8220 AG    
HA6 5022 AD 20962 AJ316300 8 GG4 8221 BC    
HA6 5023 BF    GG4 8222 AG    
HA6 5024 AA    GG4 8223 AQ    
HA6 5025 uncl.    GG4 8224 AG    
HA6 5026 AE    GG4 8225 AG    
HA6 5028 AS    GG4 8226 BC    
HA6 5030 AE    GG4 8227 AX    
HA6 5032 BJ    GG4 8228 AS    
HA6 5033 AQ    GG4 8229 BC    
HA6 5052 AE    GG4 8230 AY    
HA6 5054 BF 21006 AJ316320 5 GG4 8231 AG    
HA6 5055 AA 19421 AJ276811 3, 4 GG4 8232 BD    
HA6 5102 AK    GG4 8233 AS 20246 AJ316311 5 
HA6 5104 AK    GG4 8234 AG    
HA6 5115 AY    GG4 8235 AA    
HA6 5117 AY    GG4 8236 BE    
HA6 5118 AY    GG4 8237 uncl. 20241 AJ316313 5 
HA6 5124 AE    GG4 8238 BJ 20247 AJ316312 5 
HA6 5127 BF    GG4 8239 AG 21003 AJ316307 5 
HA6 5128 AY    GG4 8240 BE    
HA6 5130 AE    GG4 8241 AG    
HA6 5131 AE    GG4 8242 BJ    
HA7 5483 AX    GG4 8243 AG    
HA7 5484 BJ    GG4 8244 AE    
HA7 5485 AL    GG4 8245 AE    
HA7 5650 AB   9 GG4 8246 AQ    
GG4 8188 BC    GG4 8247 AV    
GG4 8189 AQ    GG4 8248 AK    
GG4 8190 AY    GG4 8249 AG 21004 AJ316306 5 
GG4 8191 AG    GG4 8250 AG    
GG4 8192 AH 20238 AJ316309 5 GG4 8251 AG    
GG4 8193 AG    GG4 8252 AE 20244 AJ316314 5 
GG4 8194 AX    GG4 8253 AG    
GG4 8195 AG    GG4 8254 AY    
GG4 8196 AE    GG4 8255 BD    
GG4 8197 AY    GG4 8256 AI 20248 AJ316321 5 
GG4 8198 AG    GG4 8392 BE    
GG4 8199 AX    GG4 8393 BE    
GG4 8200 BC    GG4 8395 AJ 20239 AJ316305 5 
GG4 8201 AO 20240 AJ316310 5 GG4 8396 BE    
GG4 8202 AG    GG4 8397 BE    
GG4 8203 BJ    GG4 8406 BE    
GG4 8204 AH    GG4 8407 AA    
GG4 8205 AG    GG4 8408 AE    
GG4 8206 BE    GG4 8410 AJ    
GG4 8207 AG    GG4 8413 AZ    
GG4 8208 AG    GG4 8416 AJ    
GG4 8209 AG    GG4 8417 BC    
GG4 8210 AH    GG4 8418 AY    
* Sampling points from which the isolates originate. CS: Carmona, Spain; HA: Herberstein, Austria; GG: Greene, 
Germany.    
† Fatty acid groups as denoted in chapter 2. 
‡ Numbers refer to chapters (publications) in which the isolates were analysed and discussed. Chapter 2 is not 
















GG4 8419 AJ    GG11 8439 BK    
GG4 8420 uncl.    GG11 8440 uncl.    
GG4 8421 AO    GG11 8441 uncl.    
GG4 8423 AQ    GG11 8442 BK 20237 AJ316318 5 
GG4 8426 AF    GG11 8443 BI    
GG4 8427 AX    GG11 8444 BH    
GG4 8428 AA 21540 AJ491775 5 GG11 8445 BH    
GG4 8429 AA    GG11 8446 BH    
GG9 8461 uncl.    GG11 8447 BF    
GG9 8462 BF    GG11 8448 BA 20243 AJ316317 5 
GG9 8463 AZ    GG11 8449 BA    
GG11 8401 AP    GG11 8450 BF    
GG11 8402 AP    GG11 8451 BF    
GG11 8403 BF    GG11 8452 BF    
GG11 8404 BF    GG11 8453 BF    
GG11 8405 BG    GG11 8454 BF    
GG11 8433 BD    GG11 8455 uncl.    
GG11 8434 uncl.    GG11 8456 AP    
GG11 8435 AM    GG11 8457 AP    
GG11 8436 AM    GG11 8459 AP 21005 AJ316316 5 
GG11 8437 uncl.    GG11 8460 AQ 20245 AJ316315 5 
GG11 8438 uncl. 20242 AJ316319 5       
* Sampling points from which the isolates originate. CS: Carmona, Spain; HA: Herberstein, Austria; GG: Greene, 
Germany.    
† Fatty acid groups as denoted in chapter 2. 
‡ Numbers refer to chapters (publications) in which the isolates were analysed and discussed. Chapter 2 is not 
indicated since all strains listed were subjected to fatty acid analysis. 
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Title Novel molecular tools for the analysis of unknown microbial communities of mural 
paintings and their implementation into the conservation/restoration practise 
Participants Prof. Dr. W. E. Krumbein (coordinator, Universität Oldenburg) 
Prof. Dr. C. Saiz-Jimenez (CSIC-IRNAS) 
Prof. Dr. W. Lubitz (Universität Wien) 
Prof. Dr. ir. J. Swings (Universiteit Gent) 
Chief-restorator P. Butt (Ochsenfarth Restaurierungen, Paderborn) 
Description MICROCORE represents an integrated novel approach to the characterisation of 
potentially biodeteriorative microbiota using a broad range of modern techniques. 
Project methodology: 
1. Use of totally non-destructive in situ microtechniques for assessment 
of the damaging florae. The aim is to evaluate the biological growth and 
activity in situ by the use of non-destructive techniques in order to localise the 
best possible locations for sampling and to minimise the amount of samples 
for analysis. 
2. Polyphasic identification of bacteria, cyanobacteria and archaea. 
Identification of isolates from the environment by the use of one single 
fingerprinting or characterisation method is not possible. Polyphasic 
taxonomy aims at the integrated use of phenotypic, genotypic and 
phylogenetic data. The proposed polyphasic approach for characterisation of 
the bacterial isolates includes FAME GC, ARDRA, DNA:DNA hybridisations, 
sequencing of 16S rDNA and other techniques. This part will be one of the 
most important and time consuming for all groups except the restoration 
company. 
3. Isolation and characterisation of eukaryotic algae and fungi. Eukaryotic 
algae and fungi are frequently observed in mural paintings. The algae usually 
belong to the polyphyletic Chlorella-type unicellulars. The fungi also belong to 
complex groups. Therefore ARDRA and PCR-derived 18S rDNA sequences 
will be used for their characterisation. A database of fungi with damage 
functions will be established. Fluorescent markers will be developed and 
tested in the laboratory on artificial mural paintings and then controlled on the 
monuments before and after restoration 
4. Molecular community analysis (DGGE). DNA extracts from wall painting 
samples will be used to amplify parts of the ribosomal DNA using group 
specific primers. The resulting mixture of DNA fragments, all of the same 
length but with a different base pair composition, originating from the different 
microorganisms in the sample will be separated by DGGE. As a result a band 
pattern is obtained, in which each band represents a microbial taxon from the 
original sample. Individual bands will be excised, sequenced and the 
corresponding microorganisms can be phylogenetically identified. 
5. Test biocide treatments and molecular tests for assessment of 
treatment efficiency. This part aims at the development of a useful 
methodology to visualise and monitor changes in microbial community 
structure caused by biocidal treatments. Such a methodology has to be 
independent from cultivation and has to allow analysis of tiny amounts of 
material. In situ hybridisation and DGGE analysis will be tested for this 
purpose. 







Title A concerted action on molecular microbiology as an innovative conservation strategy 
for indoor and outdoor cultural assets 
Participants Prof. Dr. C. Saiz-Jimenez (Coördinator, CSIC-IRNAS) 
Dr. S. Rölleke (GenalysisR) 
Prof. Dr. W. Lubitz (Universität Wien) 
Prof. Dr. ir. J. Swings (Universiteit Gent) 
Prof. Dr. M. Salkinoja-Salonen (University of Helsinki) 
Prof. Dr. W. E. Krumbein (Universität Oldenburg) 
Dr. P. Tiano (CNR C. S. Opere d’Arte) 
Dr. C. Urzì (Universitá di Messina) 
Dr. N. Valentin (CSIC-CIB) 
Description Molecular ecology has been extensively applied in research on aquatic and soil 
environments. In the field of cultural heritage however, research using molecular 
techniques is very scarce. The European concerted action COALITION has the 
intention to change this.   
The main objectives are: 
1. To identify, introduce and enhance the use of molecular biology and 
biotechnology techniques suitable to be of interest in the field of 
conservation/restoration of the cultural heritage. Common methods 
include microbial cell counting or isolation and subsequent identification of 
laboratory pure cultures. These methods are not only time-consuming but 
also have the disadvantage that relatively large amounts of sample material 
are needed. It is therefore of great interest to provide fast, straightforward 
methodologies, as conventional methods are carried out by scientists using 
complex taxonomic and ecological approaches. A workshop will help to 
consolidate and improve upon the state-of-the-art of molecular techniques 
and recommendations on its use will be generated. The goal is to identify and 
enhance the use of a set of methodologies affordable by restoration or 
maintenance companies. This will be done with inputs from previous and 
ongoing European and national projects. The benefit obtained from the 
application of these techniques will be: i) the minimisation of sampling, ii) the 
optimisation of information on diagnostic studies on microbial contamination 
of cultural assets, and iii) to analyse the potential health hazard, such as toxic 
or otherwise bioreactive metabolites produced by the organisms present in 
the objects undergoing restoration. These data will form the basis of 
guidelines for health protection of restorers and museum workers. 
2. To obtain information on the type of microorganisms colonising different and 
representative materials, by producing an inventory of the microorganisms 
associated with the damages to cultural assets. This is a prerequisite to 
include biodecay as an integral part of the restoration process and will allow i) 
to design the most effective treatments for eliminating active microbial 
communities and biodeterioration, and ii) testing the efficiency of biocide and 
cleaning treatments as well as follow-up of procedures. 
3. To disseminate the advantages of using molecular techniques for 
diagnostic purposes to end-users, e.g. architects, restorers, curators, 
responsibles for cultural heritage, etc. This will be achieved by producing 
guidelines and recommendations for effective evaluation of microbial 
activities and for safety manipulation of contaminated objects. The data will 
be discussed in a panel with stakeholders and end-users and the transfer of 
technology from the research community to the conservation/restoration 
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